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ABSTRACT
The use of, and interest in, total knee replacements (TKR) has been growing over the last few 
decades. Loosening and migration of tibial components have been identified as one of the 
primary causes of failure in the proximal tibia. Clinical studies show the use of metal 
implants as one of the primary methods for the treatment of knee joints and associated bone 
defects. Alignment and fixation techniques play an important role in achieving high success 
rates. Defective bone stock requires the use of augments to stabilise the tibial plate. In these 
cases, current clinical practice is to use an extended implant stem to ensure stability. The 
problem with this is that it reduces the potential for future knee revision
In this research Finite Element Analysis (FEA) has been used to undertake virtual in-vivo 
assessment of various configurations of augmented and non-augmented TKR that can be used 
for the treatment of tibial defects. These configurations are based on a standard tibial insert, 
namely a fixed bearing revision tibial tray. This has provided insight and information that can 
be used to improve surgical decision making when dealing with defective bone stock.
The 3D FE models of a non-defect TKR with a fixed bearing tibial insert showed a stable 
construct with stresses lying within an allowable threshold. The use of a stem extension 
generally showed a reduction in stress levels in the cancellous bone contributing to an 
increase in stress shielding and thus it is recommended that these are not used unless there is 
some other overriding clinical requirement.
Further, the analysis demonstrated that, contrary to some clinical opinion, wedge 
augmentation (rather than block augmentation) may provide a better approach to treat the 
defect. This was largely due to improved cement stress distribution caused by a mechanism 
termed “reverse-shear”.
The use of a cement augment was found to provide a more favourable stress distribution in 
the cancellous bone. However, metal augments have been recommended as the cement 
augment was shown to operate too close to its fatigue endurance limits.
11
Future work should focus on further enhancements of the bio-fidelity of the FE model 
particularly in the material distribution. The idealisation of the cancellous bone as a uniform 
isotropic material can be improved to provide a spatially varying distribution of material 
properties, reflecting the natural variation in bone density. Another aspect to further enhance 
this work would be to extend the applied loads to reflect other lower body movements and to 
consider the effect of friction at the condyles on the anterior-posterior load applied.
Ill
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1. Introduction.
1 Introduction
The Canadian Joint Replacement Registry (2010) reported an increase of over 200% in 
total knee replacements (TKRs) in last decade, and the Australian National Joint 
Replacement Registry reported 84% of knee replacements being TKR procedures. The 
American Society of Orthopaedic Surgeons reported in 2006, over 550,000 total knee 
replacements being performed annually {Carr and Goswami, 2009); while the National 
Joint Registry, UK’s 7* Annual Report (2010) put the number of knee replacements in 
2009 at just under 80,000. Based on Nationwide Inpatient Sample (NIS)^, in 2006 at 
least 40% of primary and revision knee replacements were performed on young patients 
(younger than the age of 65); and it is predicted that at least 60% of the revision knee 
arthroplasty by year 2030 will be performed on young patients where the demand for 
such operations is projected at 994,000 compared to 59,100 in 2006 for the 45-54 year 
age group in the US alone {Kurtz et al, 2009). The success rate after primary TKR is 
90% at 15 years {Kurtz et al, 2007) however the success rate stands at 80% after 10 
years for follow-up revision knee replacements {Sheng et al, 2006). A recently 
published international survey of 18 countries showed an annual growth of total knee 
arthroplasty (TKA) ranging between 5.3% (France) to 17% (Portugal), and estimated
1.3 million TKA procedures took place in 2008 in these 18 countries with a total 
population of 755 million {Kurtz et al, 2011). The data above indicates the growing 
prevalence of primary and revision TKR.
1.1 Background
In normal primary knee arthroplasty the top of the tibia is resected providing a flat plane 
to which a tibial plate is attached using a stem and acrylie cement. The sectioned plane 
of the bone consists of an outer annulus of dense cortical bone, an interior region of 
softer, less dense cancellous bone, and an outline (or visible hole) of the intramedullary
 ^ The NIS is an annual, statistically valid survey in the USA, of approximately 1000 hospitals conducted 
by the Federal Healthcare Cost and Utilization Project.
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canal. The tibial plate has a central stem of varying length, which is embedded in the 
caneellous core to provide stability.
In some difficult primary knee replacements the tibial bone damage is more extensive 
on one side. This also occurs in some corrective knee replacements when the bone 
under the implant gets infected on one side. Hence, it is no longer possible to achieve a 
flat plane for the tibial plate location. This is commonly dealt with by adding flat or 
tapered augments to the underside of the tibial plate where the excess bone removal has 
occurred. An extension to the central stem is often used on the grounds that it provides 
additional stability to the implant. The use of the extension can result in a number of 
complications. If it were possible to avoid using the stem extension, it would be 
extremely advantageous.
It is a well-known fact that the load transfer between the tibial plate and the underlying 
tibia is complex, and the loading mechanics is different to normal bone-to-bone loading. 
The configuration forms a statically indeterminate problem and the loads are shared 
across the cortical rim, the cancellous plane and the material surrounding the stem. The 
relative stiffness of the regions governs the sharing and transfer of load. The mechanical 
axes of the lower limbs and the load line do not share common alignment which makes 
the loading mechanism during gait complex. Studies show that inappropriate load 
transfer affeets the stability of the implant and leads to failure of the cement bond and 
long term changes to the underlying bone stoek. To assess the role of both stem 
extensions and augments, it is necessary to understand the meehanisms active in the 
failure conditions above and interpret the results in conjunction with stability of the 
cement and the bone.
1.2 Objectives
The aim of this research is to analyse the clinical practice of total knee replacement 
fixations using finite element (FE) modelling to investigate the effect of the 
augmentation in accommodating defects in the proximal tibia and the stability of the 
tibial insert gained from using a stem extension. Three dimensional finite element 
analyses will be used to assess the stress distribution in a range of TKRs. In order to
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achieve effective results, it is necessaiy to specify geometry, material, loading and 
boundary conditions. The objectives are outlined as follows:
• To create a representative three dimensional (3D) tibial model of a typical patient.
• To create and validate a control TKR model without a stem extension.
• Based on the discussion and outcome of previous objectives, create and validate 
TKR models with stem extensions.
• To create defects in the tibial model, to incorporate the block and wedge augments, 
which will be analysed with and without stem-extensions.
• Compare the use of cement or metal augments to fill the defeet, with and without 
using stem extensions.
• To assess the effect of eccentric loading in the TKR and augmented models.
Results will be valuable for orthopaedic surgery, informing the choice of implants and 
the degree of stability predicted by the analytical modelling for various prosthesis and 
augment combinations. This work will also provide the basis for further development of 
knee joint replacements.
1.3 Thesis Structure
The thesis reviews relevant clinical studies, discussing various implants and different 
approaches to the modelling work (Chapter 2). As part of the research different 
modelling software were assessed and Chapter 3 of the thesis eompares these various 
modelling software and identifies the optimum modelling approaeh. Chapter 4 presents 
the detailed TKR modelling of non-augmented and augmented tibia with balanced 
loading. Before analysing the use of stem extensions, it was important to assess the 
effect of different contact models, and this is discussed in Chapter 5. Chapter 6 shows 
the results and discusses the outcome of the TKR with and without a stem extension. 
The results of augmented TKR models are compared with the non-augmented models in 
Chapter 7. Chapter 8 investigates of the possibility of using cement to fill the defect 
instead of using an augment. Chapter 6, 7 and 8 also diseuss the effect of eccentric
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loading in their respective model constructs. The study finishes with Chapter 9, which 
briefly summarises the main conclusions and presents the scope for future work.
The thesis also includes a short study of the finite element analysis of the intact tibia, in 
an appendix, to have an overview of normal biomechanieal response while discussing 
the TKR models.
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2 Literature Review
This chapter introduces the reader to the problems associated with knee implant stability 
and the causes that lead to the failure of knee arthroplasty. The chapter provides a 
summary of the biomechanics of the knee and knee defects. The review highlights the 
research studies that have been undertaken to investigate the stability of artificial knee 
replacements and solutions leading to long-term functioning of the knee joint.
2.1 Introduction
Skeletal modelling is one of the initial steps in the analysis of any bio-mechanical 
aspect of a joint in the human body. The models allow the prediction of the behaviour of 
the bone under various stresses and boundary conditions and the influence of 
geometries and implants. Researchers have used a wide range of finite element analyses 
(FEA) in their investigations.
Stability of tibial prostheses is one of the key concerns of clinicians considering the 
stability of the total knee replacement (TKR). Augments are used to correct any valgus 
or varus deformity and, in revision knee surgeries, to minimise bone loss.
The research studies that have discussed the use of augments and the stability of 
proximal tibial base-plates are mainly based on clinical data. However, a number of 
finite element studies have examined the stress-strain distribution within the implanted 
proximal tibia over the past three decades and include. Au et a l (2005, 2007), Bartel et 
al (1982), Beaupre et a l (1986), Compléta et a l (2007, 2009), Cawley et a l (2012), 
Lewis et a l (1982), Murase et a l (1983), Perillo-Marcone et a l (2000), Rakotomanana 
et a l (1992), Sawatari et a l (2005), Taylor M. et a l (1998), Vasu et a l (1986) . Other 
aspects considered in finite element analyses (FEA) related to TKR inelude the study of 
soft tissues {Bellias et al, 2004; Pena et al, 2006), alignment of tibial component
The models are discussed in detail in Section 2.5.
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{Sawatari et al, 2005), contact forces between implants {Villa et al, 2004), implant 
micro-motion {Taylor M. et al, 1998; Compléta et al, 2008a,b) and the effect of stem 
length {Compléta et a l, 2007, 2008a, 2008b), cemented or uncemented stem {Cawley et 
al, 2012) and alignment {Au et al, 2005). Some researchers use grey-scale based 
material properties while others employ simpler homogenous material properties. 
However, no evidence was found of FE analysis considering the stability of any 
augmented tibial implant. These models and other relevant studies based on the models 
stated above are discussed in detail in Section 2.5 and Chapter 3 of this thesis.
The tibio-femoral joint is a six degrees-of-freedom joint. The stability of any joint 
depends on a combination of soft-tissues (ligaments and muscles) and the kinematics of 
the joint {Beillas et al, 2004). The physiological instability of the joint introduces 
uneven stress distribution and may result in damage of the soft tissues, aseptic loosening 
in tibia {Taylor M. et al, 1998) or bone-fraeture. Another reason for implant failure 
eould be disease, due to infection from debris of a failed implant. Murase et a l, (1982) 
proposed using simple primitive 3D models where the bone remodelling due to 
overloading or under-loading may contribute to tibial component loosening, and Taylor 
M. et al. (1995, 1997, 1998) reiterated with advanced 3D finite element models that this 
loosening could be a mechanical process, and not a biological one. Hence they proposed 
that migration of the implant is the result of progressive failure of cancellous bone; their 
early studies of the proximal femur {Taylor et al, 1995) also suggest that the initial 
caneellous bone stress may be used to predict migration. Sawatari et a l (2005) suggest 
that excessive stress in supporting cancellous bone is regarded as one of the main causes 
of aseptic loosening.
In order to minimise the loosening of the tibial component in TKR it is necessaiy to 
achieve an optimum level of fixation and alignment. However, there are problems in 
cases of varus-valgus deformities in achieving this level of fixation due to the erosion of 
the condylar surface {Jeffery et al, 1994). Other research supported this and cited 
Harda et a l (1988) who state that the resection of the tibia to the level of the worn side 
of the bone causes an unnecessary loss of valuable healthy bone stock and the process 
exposes weak trabecular bone. However, if the subchondral side needs to be preserved 
then the deficiency must to be filled. According to Dorr et al. (1986), bone grafts and
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blocks of cement provide a durable solution. However, in the case of non-union or 
collapse of the bone graft or fracture of the cement block, the joint may become 
displaced from the sloping surface, with consequent loosening.
Recent work done by Au et a l (2005) concludes that very little work has been 
undertaken in bone modelling of tibial prostheses. Sawatari et a l (2005) reported the 
availability of favourable clinical results for studies in unicompartmental knee 
arthroplasty (UKA) which go back to 1994. Pena et a l (2006) suggest that the knee 
joint is one of the most studied joints, however there is no published skeletal 
computational analysis that includes soft tissues and ligaments (menisci, articular 
cartilages, patellar tendon, anterior cruciate, posterior cruciate, medial collateral and 
lateral collateral).
2.2 Knee Biomechanics
The knee is considered to be the largest and most complex weight bearing joint in the 
human body, with the highest number of joint replacements being carried out after the 
hip. The joint is a crucial part of human anatomy in providing locomotive activities. The 
“knee joint” connects condylar articulation surfaces of the two largest bones of the 
lower extremity (tibia and femur) with the menisci cartilaginous disc located between 
the condyles, lubricated using synovial fluid. To enable the complex rotations and 
relative sliding of the knee joint, the structure is supported by soft tissues. In addition 
there are several ligaments supporting the wide range of complex motions of the knee in 
six degrees of freedom. However the two important ones are the anterior and posterior 
cruciate ligaments (ACL and PCL) (Figure 2.1)
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MEDIAL VIEW LATERAL VIEW
Figure 2.1: Anatomy of the knee with location of the ligaments^.
The surgical procedures make use of knee implants to restore the physiological 
functions and natural axial alignments (Figure 2.2). Figure 2.2 shows the location of the 
mechanical and anatomical axes in the lower body. The axis passing through the centre 
of the joints at the Hip (H), Knee (O) and Ankle (C), is the mechanical axis (load 
bearing axis) of the lower limb. HOC makes an angle of 3° with the vertical and 
coincides with the anatomical axis of the tibia. The anatomical axis of femur forms an 
angle of 6° with the load bearing axis. This angle (formed by the crossover of the 
mechanical axis of the femur and tibia) is termed the hip-knee-ankle (HKA) angle or 
physiological valgus or Q angle.
Adapted from Kurtz (2004).
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Figure 2.2: The axes of the knee, adapted from Kapandji 1998.
2.2.1 Knee Kinematics
Kinematics defines the range of motions which takes place in all three planes: frontal 
(coronal or longitudinal), sagittal and transverse plane (Figure 2.3a). Figure 2.3b depicts 
the nomenclature of translation (anterior-posterior, medial-lateral, proximal-distal) and 
rotational (flexion-extension, internal-external, varus-valgus) motions.
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Sagittal plane
Coronal plane
Transverse plane
.Anterior/'
fposteriw ,
Figure 2.3(a) Planes in Human Anatomy*, (b) Nomenclature of planes with respect to the tibia’.
The angular range of motion is greatest in the sagittal plane, full extension to full 
flexion of the knee forming an angle of 140°. When the knee is fully extended 
(anatomically 0°) the rotation is completely restricted by interlocking of the condylar 
surfaces. When the knee reaches 90° flexion, the external passive rotation ranges from 
0° to 45° and the internal passive rotation reaches 30°. This flexion-extension joint 
movement mainly involves a relative sliding movement of the two condyles. In the last 
10°-20° of extension the femoral condyles roll forwards slightly on the tibial condyles. 
The forward and backward sliding is controlled by the ACL and PCL ligaments, which 
also limit the hyper-extension of knee. The knee replacement design approaches are 
used to preserve these anatomical and functional features of the joint.
2.2.2 Knee Kinetics
Nordin and Frankel (2001) used a simplified free-body diagram to explain the static 
forces acting on the tibia as shown in Figure 2.4. This avoids the complexity of 
moments and forces in three-dimensions. The three main co-planar forces are; ground 
reaction force (W), patellar tendon tensile force (?) and joint reaction force (R).
* http://en.wikipedia.org/wiki/File:Human_anatomy_planes.svg [8 January, 2009] 
’ Adapted from Nordin and Frankel (2001).
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In the case of stair climbing it exceeds 4 times BW. The estimation is based on the 
moment equilibrium about the centre of rotation of knee, which provides:
P = (BW * a) /b. 2.1
P = 3.2W
R = 4.1W \ \
Force W
Force W
Figure 2.4: Free-body diagram of the knee joint, climbing up the stairs. {Nordin and Frankel, 2001).
The forces in reality are more complex and dynamic in nature {Morrison, 1970; 
Anderson and Pandy, 2001; Nordin and Frankel, 2001), with muscle forces, ligament 
forces and joint forces (Figure 2.5, Pattijn et al, 2005)  ^ and a change in joint angle 
during movement all adding to the complexity. Morrison (1970), using 
electromyographic (EMG) data, recorded the muscle activity for knee, and created a 
mathematical model which gives the soft-tissue forces as shown in Figure 2.6. The 
technique and the mathematical model were improved and this provided better 
estimations of muscle forces {Harrington, 1983; Anderson and Pandy, 2001).
 ^Figure 2.5 shows forces of the quadriceps femoris (Fq), the hamstrings (Fh), the illiotibial tract (Fi), the 
pes anserinus (Fa), ACL (Fac), PCL (Fpc), the medial collateral ligaments (Fmc), joint force of the femur 
(Ff) and the fibula (Fg);
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Fq
Figure 2.5: Lateral and medial view of a knee joint model with force through the proximal tibia.
{Pattijn et aL, 2005)
Figure 2.6 shows that during the stance phase of gait the eompressive force at the joint 
exceeds 3 times body weight (BW). Figure 2.6 also shows that all the muscle forces 
except the Gastrocnemius are negligible at about 10° before Toe Off (TO) and at that 
point of the gait the joint reaction force is maximum. The Gastrocnemius muscle is a 
key muscle in the leg; however, because the muscle is connected at the ankle and at the 
femur, it does not appear explicitly in the FE modelling that is undertaken later. 
Therefore the only dominating force at the tibial surface just before toe off is the joint 
reaction force. However, there are shear forces acting on the tibio-femoral joint in cases 
of knee flexion {Morrison, 1970; Harrington, 1983).
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Joint reaction force 
Hamstrings 
Quadriceps femoris 
Gastrocnemius
HS
TO
= heel strike 
= toe-off
100 60 100
Percentage of cycle
Figure 2.6: Knee reaction force and ligament loads normalised by the body weight, during the gait 
cycle. (Adapted from Morrison, 1970 by Nordin and Frankel, 2007)
Using gait analysis and mathematical models the tibio-femoral joint forces have been 
analysed for over four decades. The earliest and most widely reported mathematical 
model predicts that joint reaction force at knee varies between 200-400% of body 
weight (BW) {Morrison, 1970). Bergmann, Duda and colleagues, using the same 
methodology, reported the average resultant peak joint reaction force to be 310% BW 
while walking, and 540% BW during stair-climbing {Taylor, et aL, 2004). However, 
another study has estimated that the contact force could be as high as 710% BW during 
level walking {Seireg and Arvikar, 1975). Kurtz (2004) conducted a review of joint 
forces and summarised the average loading in the knee joint in performing day to day 
activities. In gait the force varied from 300-350% BW, whereas a simple activity of 
rising from a chair can load the tibio-femoral joint with a load of 700% BW.
With the use of telemetry some advances have been made in efficiently recording the
contact loads. Taylor and colleagues estimated the load to be around 200 -  250% BW
{Taylor, S.J. et al, 1998). In the last decade, Bergmann {Kutzner et al, 2010), D'Lima
(D'Lima et al, 2006) and colleagues have investigated and refined the technique to
measure the tibial forces. D'Lima estimated the peak tibial joint reaction force to be
around 280% BW (level walking), 290% BW (stair climbing), 330% BW (stair
descending) and 264% BW (chair rising). Bergmann's group estimated these loads to be
260% BW (level walking), 316% BW (stair ascending), 346% BW (stair descending)
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and 246% BW and 225% BW (standing up and sitting down). They also observed peak 
shear loads to be 10-20 times smaller than the axial force and the resultant force acting 
almost vertically on the tibial plateau, even during high flexion {Kutzner et al, 2010). 
These results were consistent with Bergmann's mathematical approach {Taylor et al, 
2004) however the axial load during stair ascent was estimated at 540% BW, about 40% 
higher than the telemetric model. In comparison, the advantage of the telemetric model 
was that it recorded the impact of muscle contraction, which mathematical models 
cannot predict. Average axial load during one leg stance was recorded to be 260% BW 
compared to 550% BW when the subject loses balance {Kutzner et al, 2010). Also, in 
two leg stance models, it has been reported that joint reaction force is about 60% BW in 
each leg {Taylor, S.J. et al, 1998; D'Lima et al, 2006), compared to 40-45% BW (from 
static considerations alone), which shows the effect of muscle contraction.
Even though the telemetric models provide a great improvement in recording the forces, 
all these tests were conducted in a clinical environment, and this will not accurately 
represent the loads, such as those briefly observed by Kutzner et al, (2010), during 
unbalancing, and other random and unintended motion of a subject.
2.3 Defects in the Tibia
There are various knee defect classification systems; however there are a few 
independent reports that use the Anderson Orthopaedic Research (AORI) System (Patel 
et al, 2004). Table 2.1 shows the types of defects under the AORI classification system. 
The tibial defects can be central, peripheral or a combination {Engh and Ammeen, 
1998). Type-1 defects are generally treated with cement or a bone graft, Type 2 defects 
require metal augmentation to treat the asymmetrical bone loss, while Type-3 defects 
are related to extensive damage to metaphyseal bone. Clinical observation suggested a 
survival rate of at least 11 years in Type-2 defects {Cuckler, 2004; Patel et al, 1994), 
however this does not include failure due to the loosening of the augments. The metal 
augmentation in the tibia allows for customised treatment of asymmetric defects, 
minimising the amount of tibial resection and preserving the cancellous bone strength 
(Patel et al, 2004), as the bone strength is inversely proportional to the distance fi-om
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the condyles (Harada et al, 1988). The variation of the strength is proportional to the 
bone quality and the variation in modulus of the bone is discussed in Section 2.5.2
Pre-operative radiological or 
Defect ty p e  in tra-operative  findings
1
Fem ur or 
tibia 
2
Fem ur
Tibia
3
Fem ur
T i b i a
Intact and  full m etaphyseal bone and flare 
No co m ponen t su b sidence  or osteolysis
D am aged m etaphysis, sho rtened  
m etaphysea l flare
C om ponent subsidence/osteo lysis d istal to 
epicondyles
C om ponent subsidence/osteo lysis up to  or 
below  tip of fibula head  
Deficient m etaphyseal segm en t 
C om ponent subsidence/osteo lysisja t or 
beyond level of epicondyles 
C om ponent subsidence/osteo lysis a t or 
beyond level of tubercle 1
Table 2.1: The AORI classification of bony defects with the deficient femoral condyle (AORI 3) and 
damage to tihial metaphysis (AORI 2B). (Adapted from Patel et al 2004).
2.4 Clinical Studies
2.4.1 Treatment of Arthroplasty: Approaches and Designs
Nambu and Lewis (2004) categorise the main differences in the current clinical designs 
in use for total knee joint replacements on the basis of the following;
(i) The quality of the bone and the extent of sectioning necessary to
accommodate the implant design. This includes the quality of the condylar 
surface and the substitution or retention of posterior cruciate ligaments.
(ii) The geometric details of the femoral or tibial component. For example:
single central stem, the length of the stem, multiple pegs, fins or two 
condylar stems, and circumferentially flanged tibial trays as reviewed by 
Barker et al (2005).
(iii) The design of the tibial or patellar components. For example the tibial base
plate made entirely of UHMWPE or using metal backing with titanium or
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chromium alloys. The tibial tray may be condylar, or anterior or posterior 
lipped.
(iv) The method of fixation, including cemented (using acrylic bone cement) or 
uncemented implants with features such as porous metal coating, screws or 
beads for anchorage.
(v) The method used to fill any gaps between the bone and the femoral or tibial 
component of the knee joint. For example: cement filling or the use of 
various augments such as wedges, blocks or conical implants.
Cuckler (2004) highlighted key points relating to the bone defects based on a review of 
clinical practice spanning about two decades.
(i) There are four basic approaches for augmentation of bone defects. These are 
the use of metal augments such as wedges, autograft, allograft^ and filling 
with bone cement.
(ii) In order to adapt the arthroplasty to the bone defect, the different practices 
include the use of a resection guide, a freehand cut and milling.
(iii) Bone cement can be used to fill defects below 10mm in size.
(iv) If the defect appears to be more than 10mm or a defect larger than 5mm 
below the expected level of the resected tibial surface, an augment is needed.
(v) Use of an autograft technique if it is a primary knee arthroplasty.
(vi) In revision knee surgery, if the expected life of patient is over 10 years, then 
an allograft technique is suggested.
(vii) Use of intramedullary stems, to increase implant stability.
(viii) A tibial prosthesis may be downsized when an augment is used, to avoid 
overhang. The overhang can produce impingement of the ligament on the 
tray at heel strike and cause pain.
 ^The transplanted body is sourced from a member of the same species.
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2.4.2 Knee Arthroplasty Performance
In the UK, the National Institute for Clinical Excellence benchmark survival rate of hip 
arthroplasty prostheses is in excess of 90% at 10 years, or an “entry benchmark” from 3 
years which is consistent to achieving a survival rate of 90% at 10 years'^. Sibanda et al 
(2008) recommended modifying the “entry benchmark” failure rate of 3% at 3 years, 
downwards.
Clayton et al (2006) presented a 5 year clinical performance study of an improved 
version of the Press Fit Condylar (PFC) total knee arthroplasty known as PFC Sigma® 
(DePuy, Johnson & Johnson) which has been reported as representing 36% of all TKA 
in England and Wales in the year 2003. As shown in Figure 2.7, PFC Sigma® has 
increased medio-lateral rounding of the femoral component, which increases the contact 
area with the Polyethylene insert reducing the failure due to edge loading and wear. The 
results showed that the improved design had a survival rate of 97% at 3-5 years.
It is a well-known fact that in order to replicate the physiological loading on the distal 
tibial cortex region, any loading should be distributed over the whole sectioned region 
including the cancellous bone and the cortical shell. At the same time, it is also 
important to note that the tibial component should not excessively overhang the 
sectioned tibial perimeter. This overhang can conflict with the stability of the soft 
tissues around the knee and may inhibit the range of motion after the operation. Hence, 
the perimeter of the tibial implant is one of the most important features in the stability 
of the implant. Wevers et a l (1993) identified that a perfect (asymmetrical) fit of the 
tibial plateau may not be the most important criteria for long term results and 
“achieving the optimum (symmetrical) tibial fit” with the commercially available 
implants^ ^  is enough for long-term stability of the TKR. The surgeon chooses a template 
that leaves mean bone exposure positive or near zero for all positions, rather than one 
which overhangs the bone perimeter. The results show that the anatomically shaped 
implants had an average misfit of 2.1% of surface area of the fitted template, while the
In the absence of any formal document for knee replacements, these bench marks are used as a 
guideline
The commercial implants were symmetrical in order to reduce the inventory costs.
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average misfit in commercial implants was 3.24%. Hence, the study recommended 
incorporating the anatomically based asymmetrical tibial components.
(C)
Figure 2.7: PFC Sigma® (a) The exploded view of the components; (b) Lateral view and (c) Frontal
view.
2.4.3 Knee Arthroplasty Performance -  Use of augments and stem.
Jeffeiy et al. (1994) reported the follow up study of Brand et a l (1989) on metal
wedges and the 8 year follow up study on the first use of polyethylene wedges, in 1980
(Figure 2.8b). The group compared the flat tibial component and the tibial tray with a
polyethylene wedge on its under-surface. The common practice until 1979 was to use
either bone graft or a cement block to fill the gap below the flat surface of the tibial
2-14
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component (Figure 2.8(a)). The clinical follow-up foimd that the control group (tibial 
implants with no wedges) showed 16% failure rate because of loosening over 3 years of 
study; whereas the study group (implantation with wedges) showed no loosening over 8 
years of follow-up study. Hence, it was concluded that wedges on the under-surface of a 
tibial component not only preserved the maximum bone stock minimising the use of 
cement, but demonstrated better fixation. It was also found that the defect was more 
common in varus than valgus situations.
B
Figure 2.8: (a) Shows the simple tibial augment prototype used pre-1980. (b) First ever use of
augment in 1980 {Jeffery et a l, 199^
Franceshina et a l (1999) discussed a clinical approach to correct the varus deformity 
using the bone autograft technique. In this method, the resected bone stock is used as a 
wedge on the medial side to correct the deformity, as shown in Figure 2.9. In surgery, 
resection of the tibia (line A) is made 2 mm below the articular surface. Line C is 
marked perpendicular to the mechanical axis (line B) of the tibia, using external guides. 
Then at D, which marks the bisection of the healthy bone stock, the cut was made to 
create the wedged bone-graft. The method is recommended for angular deformities of 
15° -  20°. The results showed no complications and bone growth over an average 
follow-up period of 35 months. The study did not show any results related to the 
loosening and stability of the joint. Further, no published clinical or analytical follow-up 
has been found in the last decade on this technique.
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The vast majority of the bone defects in primary and revision knee arthroplasty can be 
treated with the use of metal augments {Cuckler, 2004), the use of cemented metal 
augments were shown to be superior to the treatment of using cement alone {Patel et al,
Resected
t&ls
Bone wedge 
for graft
Figure 2.9: Schematic illustration of the bone auto-graft technique suggested by Franceschina et at.
(1999).
Lonner et a l (2001) undertook a clinical study to determine whether the design of the 
tibial stem affected the bone density in the long term (an average follow up of 8 years). 
The study compared the bone quality in the proximal tibia region with a Miller-Galante 
I  prosthesis (which has four 5 mm pegs) and a PFC prosthesis with a 4 cm stem for an 
unoperated contralateral tibia. The clinical follow-up recorded significant reduction in 
bone density in the tibial metaphysis in the “cemented stemmed group” and not in the 
“pegged group”. However, there was no change in the distal diaphyseal bone. The 
research supported the fact that, even though the cemented stem provided an excellent 
resistance to shear, loosening and lift-off load; the use of a stem comes at the cost of 
bone resorption due to the decrease of stress in the proximal tibia. This resorption can 
cause loosening of the tibial component. The study suggested the use of shorter tibial 
stems, less cement, an alternate approach to preserve bone stock and designs that avoid 
the use of a long stem fixation technique.
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Patel et a l (2004) reported clinical support for the use of metal augments with a 92% 
survivorship of augmented stemmed implants over 11 years. Mabry and Hanssen 
(2007) consolidated the clinical data available and recommended that the use of a 
cemented or uncemented stem needs to be patient specific. In their clinical opinion, the 
proximal bone quality needs to be healthy to use uncemented stem extensions, or else 
the high compression in the cancellous bone will lead to migration of the implant 
leading to end-of-stem pain in the diaphyseal region. All the clinical studies presented 
in this section including the recent study by Munro et a l (2010) concluded that the use 
of a stem reduces the stresses in the proximal cancellous bone, and that the quality of 
bone over time has reduced. They advise not to use an uncemented stem in revision 
tibial arthroplasty and suggest using an uncemented stem only if the clinician believes 
that there is a good fit and the bone quality will hold the stem in place. However, 
clinically there was no strong consensus about the use of cemented or uncemented 
stems, or the use of stem itself at primary TKA and more research is required.
2.5 Modelling of TKR
Lewis et a l (1982), Beaupre et a l (1986) and Vasu et a l (1986) were amongst the first 
to perform any modelling work on the tibia for comparison with the various tibial 
components available at the time. Lewis et a l (1982) created a coarse 3D model with 
only 768 elements, while Beaupre et a l (1986) and Vasu et a l (1986) created 2D finite 
element models and the results provided a platform for research in the field of tibial 
implants. For example Murase et al (1983) used the model of Lewis et a l (1982) and 
analysed it for non-axisymmetric loading conditions. These research studies provided 
confidence in use of analysis parameters such as the direction of forces, loading and 
boundary conditions, and material properties. Beillas et a l (2004) created a 3D lower 
limb model (with proximal and distal parts created with solid elements, with a smallest 
element size of 2mm, and the diaphysis created using shell elements) and ligaments (as 
springs) to study the dynamic joint response during impact events such as hopping and 
jumping. Au et a l (2005, 2006) used an idealised and anatomically realistic 3D model 
fi-om the Biomechanics Repository in Italy. Pena et a l (2006) created a 3D knee model
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to study the behaviour of soft-tissues, and modelled the bones using only surface 
elements. Table 2.2 shows a summary of various modelling approaches discussed in this 
review. The table includes the various approaches for geometry creation, loading and 
boundary conditions used by the different researchers in creating finite element models 
to investigate various elements of the knee and, particularly, the tibia.
Modelling of TKR is further reviewed in terms of geometry creation, material 
properties, loading and boundary conditions, and results. These sub-sections expand on 
the contents of Table 2.2 in detail, and outline the relevance of the studies performed by 
other researchers to the current study, discussed in subsequent chapters of this thesis.
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2.5.1 Geometry Creation
Pena et a l (2006) used MRI scans for developing soft tissue geometry and CT scan 
data for bones of the knee joint. The parallel digital images were separated at intervals 
of 1.5 mm in the sagittal, coronal and axial planes with the knee at 0° flexion. The 
contours of bones and soft tissues were manually identified and segmented with an 
accuracy of 0.3 mm. The model was reconstructed using I-DEAS with an accuracy of 
0.5 mm. Zannoni et a l (1998) estimated an average error of 0.45 mm in the 
reconstruction from CT scans of a prosthetic metal stem cross-section geometry. Pena 
et a l (2006) followed on the footsteps of researchers whose main area of interest is soft- 
tissue and/or stress on the surfaces of the implant or the bone. They represented the 
bones as a solid rigid model for the purpose of their studies, because the modulus of 
bone is much higher than soft-tissue and has very little influence on their research 
results. Their knee joint model was defined using rigid four-node surface elements for 
the hard-tissues (bones) while the soft-tissues were modelled using linear hexahedral 
solid elements with a non-linear geometry formulation. The model was analysed using 
ABAQUS. The group validated the solution for various states of deformation with the 
studies reported by Calvo et a l (2005).
Sawatari et a l (2005) performed a three dimensional finite element analysis, modelling 
a proximal tibia implanted with a UKA (Fig 2.10). The CT data of a typical adult male 
was used as a template for the model. The CT scans were taken at 3mm intervals 
through the upper third of the tibia. A grey scale map was generated at each cross- 
section, the endosteal contours of the cortical bone were extracted by binarisation with a 
constant threshold. These layered geometric contours were used to construct the three 
dimensional solid model of the proximal tibia. The model was free-meshed using 
ANSYS to create the finite element model using a mix of 8-noded brick, 20-noded brick 
and 10-noded tetrahedral elements. A thickness of 1 mm was considered for modelling 
cement fixation between bony surfaces of the tibia and the tibial tray/component. In 
order to understand the effect of the tibial component inclination, they placed the tibial 
component at nine different orientations in the coronal plane (square inclination; 2°, 4°, 
6°, 8°, 10° varus inclination; and 2°, 4°, 6° valgus inclination) while incorporating 5°
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posterior inclination, all without changing the height of the joint surface. To analyse the 
posterior inclination, the tibial component was set to three different sagittal plane 
orientations (neutral, 5° and 10° posterior inclination) while a square inclination was 
used in coronal plane.
Figure 2.10: Solid model of the implanted proximal tibia. {Sawatari et al,. 2005)
Beillas et al. (2004) stated that the limitation of an explicit model is that it is only 
conditionally stable. The duration between successive increments must be smaller than 
a critical time-step, which is related to material properties and element size. It is a well- 
established fact that refinement of mesh is more penalising in explicit modelling than in 
the implicit technique. To create the models of the lower limb they used combinations 
of CT and MRI from the Visible Human Project^^ and the FE code Radioss (Mecalog 
SA, Antony, France) was used for modelling. The proximal part of the femur and the 
distal part of the tibia were considered as single rigid bodies. The knee region models 
included cortical and cancellous bone, knee cartilage, menisci, knee ligaments and 
tendons. The cruciate ligaments were modelled with a series of springs in parallel. 
Initial tension in the ligaments was required to simulate initial equilibrium. A 
mathematical generalised joint (Number 8 in Radioss element library) was used to 
model the knee joint. The contact surfaces were modelled using non-linear elements.
http://www.nlm.nih.gov/research/visible/ [Last accessed on 10‘ May 2009].
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The studies above have shown that it has been possible to create tibial models from CT 
scans; this approach will be adopted rather than using a bone model repository. As the 
response of the bone is of key importance, solid deformable elements will be used 
throughout. Creating a bone model from CT scans gives the choice of using 
homogenous averaged material properties for cancellous and cortical bone, or 
heterogeneous material properties based on grey values, as discussed further in the next 
section.
2.5.2 Material Properties
Yield and ultimate stresses can be used to determine the maximum loads at which a 
specimen can operate. These are often used in conjunction with a factor of safety and 
fatigue limits to work out the safe load.
A factor of safety is used to estimate the maximum allowable working load with respect 
to the ultimate failure load; or the margin of working load before ultimate failure. 
According to British Standards 5950, in unknown environments and under high impact 
stress loads, a higher safety factor is recommended, at least between 4 and 6. Factors of 
safety are used to account for an occasional (abnormal) high level of loading. It has not 
been possible to get clear guidance in this area for medical implants or implant 
manufacturers, thus it is suggested that in this work, as normal operating loads are being 
considered, safe performance be generally defined by fatigue limits or, for cancellous 
bone, remodelling thresholds (see later).
Fatigue is defined as progressive damage due to cyclic loading, which can cause failure 
at stresses considerably lower than the ultimate tensile stress or the yield stress of the 
material. The process of cyclic loading and unloading leads to microscopic cracks that 
may eventually result in fracture, after certain number of cycles (N). A number of 
cycles (generally 10  ^ cycles) is chosen to define the fatigue threshold, and the 
endurance limit is the stress below which the fatigue life will exceed this threshold. ISO 
recommends at least 5 million cycles (BS ISO 14243-1:2009), medical component 
manufacturers test in excess of 10 million cycles as this is the minimum requirement of
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US medical component manufacturing regulators, and is based on ASTM International 
guidelines {ASTMF1800-04, p  857.). This ASTM standard also estimates the average 
number of cycles per year experienced by an implant to be around 1 million. So, in this 
work a threshold of 10  ^ cycles has been used, except for bone which is discussed 
separately below.
2.5.2.1 Modulus of Bone
Bone has a unique behaviour and undergoes physiological changes due to loads 
experienced by the material. Where high load impacts cause fracture without warning, 
moderate stress levels can promote bone growth and reduced level of stresses (stress 
shielding) can lead to bone resorption.
Researchers have adopted different approaches to modelling the spatial distribution of 
bone density; by simply considering homogenous material properties for the entire 
cancellous bone or by assigning different densities based on known CT grey scale 
values and bone-density relationships, calibrated by taking CT images of known 
datasets. Sawatari et al. (2005) developed an inhomogeneous bone model based on 
Equation 2.1. They used the equation from the work by Rho et al. (1993) to estimate the 
modulus from the bone density for cancellous bone:
E = -0.16 +0.004 p  + 1 . 1 x 1 0 ' ^ /   2.1
Where E is Young’s modulus (GPa) and p  is bone density (kg/m^). The density 
distribution produces a modulus value in the range 0.1 to 4.5 GPa. Sawatari et al. 
(2005) used the work of Vasu et al. (1986) as a reference to assign Young's' modulus to 
cortical bones andKnets and Malmesiters’s (1978) study for cancellous bones.
Taylor W.R. et a l (2002) cited Equation 2.2 derived by Rho et a l (1995) to derive the 
effective bone density value from the Hounsfield number. The Hounsfield number (HU) 
is a measure of effective radiographic density.
yOeff = A HU + 1000(kg/m^)  2.2
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Based on these equations and data interpolation, the reported value used for A was 
0.464 kg/m^.
The research work of Lewis et al. (1982) and their comparative evaluation of tibial 
component designs of knee prostheses are widely referenced and used by many 
researchers. The material properties are shown in Table 2.2 and the material distribution 
is shown in Figure 2.11. This data would suggest that the material modulus increases 
with distance from the anatomical axis of the tibia. Vasu et al. (1986) and Beaupre et al. 
(1986) performed 2D finite element analysis of the proximal tibia and examined the 
frontal and sagittal planes respectively. Table 2.2 shows the material properties of the 
major components used in their 2D models.
Jourdan (2006) examined the wear in a 2D model of the knee joint prosthesis. The 
research compared the qualitative behaviour of patellar and quadriceps tendons to 
rubber bands. The Young’ modulus of the soft tissues was 2000 MPa with a Poisson’s 
ratio of 0.3 and mass density of 78kg/m^. The cruciate ligaments were modelled as 
springs with a stiffness value of 347 N/mm.
Table 2.2 suggests that some researchers have used grey-scale material property 
distribution or averaged distribution in different segments of the cancellous bone 
(Figure 2.11). The model in the current study will be created using the CT scans and 
therefore has the potential to define material properties based on the Hounsfield 
number. However, In this research the cancellous bone will be modelled as a uniform 
isotropic material. This is an approach that has been used by other researchers (Au et al, 
2005; Compléta et al, 2007, 2008ab, 2009; Cawley et al, 2012) and seemed a natural 
starting point. It is acknowledged that this is an approximation and it is suggested that 
the results from this study can be used as the starting point for further research where a 
more realistic material distribution can be considered.
The modulus data outlined here and in Table 2.2 will form the basis for the choice of 
modulus in the FE modelling work presented in this thesis. This is discussed in more 
detail in the next chapter.
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1.0 CM
BONE MATERIAL P R O P E R T IE S
BONE TYPE SYMBOL MODULUS POISSON'S RATIO
(MPo)
CORTICAL BONE 
CANCELLOUS BONE
1 5 0 0 0 0 .2 8
B 6 0 0 0 .9 2
C 9 6 0 0 .9 2
D 1 8 0 0 .9 2
E 6 0 0 .9 2
Figure 2,11: Material property values and distribution assumed for the bone model by Lewis et at.
(1982)
2.5.2.2 Other Mechanical Properties of Relevant Materials
The previous section has considered the modulus of bone. This section presents other 
material data including yield stress, ultimate stress and fatigue thresholds used for the 
range of materials that fonn the TKA models. Tables 2.3 -  2.7 list the values used by 
various researchers for such mechanical properties (where available and appropriate) of 
cortical bone, cancellous bone, tibial insert (tray, stem and augments), cement (adhesive 
and augments) and UHMWPE (bearing and stem cap) respectively.
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Reference Cortical Bone
Carter (1981), 
Caler and Carter
Fatigue Strain for 10^  Cycles
Tension 2000 microstrain
Compression 4000 microstrain
Choi and Goldstein Fatigue in three point bending or four point bending +/- 60 MPa 
approximately for 10® Cycles.
Currey (1998)
Ultimate fMPa) YieldtMPa) Ultimate Strain
Tension: 133 (Longitudinal) 114 0.031 
52 (Tangential) 0.007 
Comnression 205 (Longitudinal)
130 (Tangential)
Shear 67
Heiner (2008)
Ultimate
Tensile 130 MPa
Compression 170 MPa
Shear 51.6 MPa
Pacific Research Lab. Tensile 107 MPa
Compression 154 MPa
Table 2.3: Summary of mechanical properties of cortical bone
The data appear to be broadly consistent with compressive strength being greater than 
tensile strength. The fatigue threshold for bone has been cited for 10  ^cycles as this was 
considered an appropriate threshold for bone while running. Although, based on the 
ASTM estimate of 1 million walking cycles per year as discussed in Section 2.5.2, this 
fatigue threshold for cortical bone seems low because bone is a natural material which 
heals itself every day. Therefore a value of 10^  cycles has been used in this thesis as an 
endurance limit for cortical bone when assessing the FE results. The associated value 
of fatigue stress used is 60 MPa based on Choi and Goldstein (1992) in Table 2.3.
The estimated fatigue threshold for 10 million cycles based on the data available for 1 million and less 
cycles might be in the range of 15-30 MPa
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Reference Cancellous Bone
Keaveny (1998) Strength: 0.1-30 MPa
Lakes (1999) 
Grimm( 2001) 
Kuiper, (1997)
Regions with stresses less than 0.35MPa prone to bone loss. 
Stresses higher than 7MPa lead to bone failure or conversion to 
highly compact bone with material properties similar to cortical 
bone.
Ultimate Stress: 3.4 MPa -  10.3 MPa 
Yield Stress : 1.4-4.1 MPa 
Ultimate Strain: 20000 microstrain
Frost (1987)
Strain below 100-300 microstrain range leads to bone loss, bone 
growth above 1500-3000 microstrain
Frost (2001) 
Zee
Advance Utah Paradigm and Corrected W olffs Law 
(Mechanostat)
Bone loss: below 5 0 -  100 microstrain 
Adaptive bone loss: 400 -  600 microstrain 
Ultimate strain: 25000 microstrain
McNamara and 
Prendergast (2005a) 
(2005b)
Prendergast (2002)
Bone resorption: below 500 microstrain 
Lazy zone: 1000-2000 microstrain 
Bone formation: above 2500 microstrain 
Fracture: 4000 microstrain
Table 2.4: Summary of mechanical properties of cancellous bone
There is quite a range of data defining cancellous bone. This probably reflects the 
higher degree of variation in cancellous bone and in the models defining bone 
remodelling. Keaveny (1998) reported the stresses based on the strain, and produced a 
wide range of stresses due to the variability of the elastic modulus of cancellous bone. 
However there appears to be consensus {Frost 1987, 2001; Jee 2000; Prendergast 
2002) about thresholds below which bone will resorb and above which there will be 
growth. The design allowables used in assessing the FE results in this thesis are based 
on these data, and are discussed further in Chapter 4
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Reference Titanium (Ti6A14V -  Grade 5)
(Tibia! Insert used for Insert, Augments and Stem Extensions)
Donachie(2002)
MatWeb(2010)
Tensile 790 MPa Yield
Compression 860 MPa
Shear 550 MPa Ultimate
Fatigue (fully 
reversed)
140 MPa @ 1.0e7 cycles
Table 2.5: Summary of mechanical properties of titanium alloy
The data for Titanium in Table 2.5 seem consistent. The fatigue stress reported in Table 
2.5 is the lowest fatigue stress reported using different fatigue loading conditions for 10 
million cycles. As discussed above, this fatigue threshold will be used as a design 
allowable for the implant material in this thesis.
Reference UHMWPE (Polyethylene Bearing and Stem Cap)
Puertolas (2001) Tensile yield stress: (0.2% offset). 24.5 MPa
Ultimate tensile strength 42 -44 MPa
Edidin and Kurtz 
(2000)
Tensile yield stress 21-28 MPa
Ultimate tensile strength 39-48 MPa
Table 2.6: Summary of mechanical properties of polyethylene used for medical implants
Some basic strength data for UHMWPE has been found and is presented in Table 2.6. 
However, in the literature polyethylene failure tends to be linked to the wear debris 
created and its subsequent implications in areas such as inflammation, and not by 
surface penetration {Fisher, 2010). This is a rather specialised field and so in this thesis 
the integrity of the UHMWPE bearing is not generally considered.
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Reference Cement (Adhesive and Augments)
Biomet(2011): Bone 
Cement
Bending > 60 MPa
Ultimate
Compression > 90 MPa
Shear > 35 MPa
Tensile > 60 MPa
Fatigue
20 MPa @ 10e4 cycles
15 MPa @ 10e5 cycles
10 MPa @ 2-2.5 X 10e6 cycles
Palacos Bone Cement 
Zimmer (2005) Fatigue 14 -17 MPa @ 10e7 cycles
Table 2.7: Summary of mechanical properties of cement.
The stresses in the cement (Table 2.7) will be used to assess the advantage of one 
construct over another and the risk of failure of the implant construct. The fatigue 
testing for bone cements are generally based on the specification of ASTM F2118 a 
fully reversed cyclic stress or four-point bending tests as per ISO 16402. The 
commercial companies do not specify in the published data which of the two fatigue 
tests were used, but the data was similar to those cited in the studies performed by Lewis 
(1997) and Kurtz et a l (2005). As the cement will be operating mainly in compression 
and shear it would seem appropriate to use shear and compression cement fatigue 
design allowables in this thesis. There is limited data on fatigue in shear and an 
allowable has been obtained by scaling down the compressive fatigue threshold value in 
proportion to the static strengths. The design allowables used in assessing the FE results 
in this thesis are based on these data and the threshold of 17 MPa for stresses in cement 
will be assumed for compression and a threshold of 5 MPa used for shear.
2.5.3 Loading and Boundary Conditions
Vasu et a l (1986,) Beaupre et al (1986) and Rakotomanana et a l (1992) all state that 
the estimated resultant load at the knee joint during level gait is equivalent to 2.5-3 
times the body weight, and it is reasonable to apply a load between 1000 N to 2500 N. 
Their work also highlighted the different proportions of load carried by each condyle. In 
the case of stress analysis in the frontal plane, Vasu et a l (1986) assumed equivalent
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stiffness geometries for each condyle, and thus applied equal load distribution on both 
condyles (1000 N each). In extreme cases one of the condyles may take all the loading 
and hence a second case was examined with 2000 N load applied in a unicondylar 
arrangement. In order to examine the sagittal plane Beaupre et al. (1986) used two 
different loading conditions: (a) a joint reaction force acting at 40° knee flexion with a 
patellar ligament included and (b) an isolated joint reaction force simulated at 0° 
flexion. In case (a), as shown in Figure 2.12 a load of 2000N (about three times body 
weight) was applied at 5° from the normal (anatomical axis) and the magnitude of the 
patellar ligament force was 1460 N (based on the force components shown in Figure 
2.13). In case (b), which represented a stationary two legged stance phase, the joint 
reaction force will be much smaller than three times body weight (about 0.5 -  0.7 body 
weight in each leg less the weight of the lower limbs); however for ease of comparison 
a body weight of 2000 N was used.
Figure 2.12: Direction of loads reproduced from Beaupre et a l (1986)
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Figure 2.13: Force diagram indicating direction of loading, reproduced from Beaupre et al (1986)
lesaka et al. (2002) created a 2D model to examine the effect of tibial inclination in 
unicompartmental knee arthroplasty. The distal end of the tibia was constrained in x and 
y  direction. A total force of 1000 N was applied; 750 N on medial condyle and 250 N on 
the lateral condyle as shown in Figure 2.14.
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250 N 750 N
m m m
Figure 2.14: Mesh and loads applied to the unicompartmental analysis of 2D bone model, from
lesaka et al. (2002).
Au et al (2006) analysed the contribution of different loading conditions. They 
modelled the conditions at 15% of the gait cycle, which involved a combination of high 
soft tissue forces and tibio-femoral compression. The line of action of the soft tissue 
forces was based on the CAD assembly pre-defined attachment locations of ligaments 
on the tibia and femur. Table 2.8 is reproduced to represent the various loads applied on 
the tibia. The magnitudes of the loads are reproduced from Au et a l (2006) in Table 2.8 
and were obtained from gait analyses of lower limbs by Anderson and Pandy (2001) 
and Shelburne et a l (2004). Au et al (2006) validated the angle of the line of action of 
the soft-tissue attachment against the study of Herzog and Read (1993).
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TIbiofem»,,!
(compression)
Anterior ACL 106N 223“
Posterior ACL 1I9N 215“
Anterior PCX 2N -47“
Posterior PCL 3N -160“
Anterior MCL 2N 249“
Posterior MCL IN 250“
Deep MCL IN 249“
Oblique MCL IN 258“
Gracilis 5N
Iliotibial tract 44N
Sartorius 5N
Semimembranosus 90N 262“
Semitendinosus 28N 259“
Popliteus 5N
Patellar tendon 254N
LCL -87“
Table 2.8: Summary of loads placed on the tibia (15% gait) reproduced from .4» et a l.(2006).
As discussed earlier in this chapter (Section 2.2.2), it is not necessary to include 
ligaments in the modelling for the gait position being considered (10° before toe off, 
giving the maximum joint reaction force) as the attachment site of the active muscle 
(Gastrocnemius) was external to the region being modelled. In the case when the whole 
lower extremity is modelled, and the model is analysed throughout the gait cycle then 
the role of ligaments becomes more important.
Based on the mathematical models, discussed earlier, researchers have generally used 
about 2 . 5 - 3  times body weight as the knee joint reaction force for their finite element 
models. However, experimental and computational implant fatigue analyses undertaken 
by the Bioengineering Department at Politecnico di Milnao following ISO 14879-1 
{Villa et ai, 2004) used a unilateral load of 4000 N for five million cycles. This load 
produced stresses in the tibial tray under the elastic limit. The nonnal component of the
Standard method for evaluating total knee joint prostheses.
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joint reaction force was found to be the dominant force and has been used by most of 
the researchers, however attempts have been made to include the effect of other load 
components such anterior-posterior shear and moments (Rawlinson et al, 2005; 
Compléta et al, 2008b; Galloway et al, 2012).
For this research it was decided to apply the pressure on the curved condyles of the high 
density bearing on the contact patch as discussed in next section. It was hypothesised 
that, even if this may be considered to be a little over-simplified (omitting frictional 
forces), this loading would enable comparison between the various augmentation and 
stem-extension configurations being analysed. Further complexity could be considered 
in subsequent research.
2.5.4 Contact Mechanics
Studies have been carried out since the early 1960s {Morrison et al, 1970) to 
understand the contact mechanics (contact area, contact load and contact alignment), 
and in-vivo forces have just started to become available, where the total contact load is 
recorded using a transducer and pressure sensitive Fuji film or an ultra-sound technique 
{Zdero et al, 2001; D ’Lima et al, 2006; Zhao et al, 2007a,b). It has been argued that 
incorrect contact mechanics leads to over-loading of the condylar surface causing 
loosening and instability. Curtis (2004) confirmed that the corrected Q angle should be 
maintained between 5°-8®, and an error of 5“ can be termed as significant and 10® as 
catastrophic.
Figure 2.15 shows the contact areas measured using Fuji-film and ultrasound on fixed 
TKA components by Zdero et al (2001). The dotted markers from the ultrasound 
measurement technique are superimposed on the shaded pressure patch on the Fuji film 
data. The ultrasound technique paves the way for in-vivo contact area measurement, 
however the equipment is expensive and sensitive to geometric and material 
irregularities and there is currently significant noise in data collection. The ultrasound 
technique measures a larger contact area (averaging 32 mm^) over the whole flexion 
angle compared to the Fuji film.
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LateralMedia!
Ullra-syund 
Fuji ft! m
2D M ao f i n s  N. 20 dee) Fxiiifilm IFF! I Ultrasound |US]
Medial Contact .Area [mm^] 75,3 84.8 (85,(1)
L a t e r a l  Contact . A r e a  [mm'^1 77.6 104.0 (104,3)
Total Contact Area (TCA) frnm^] 152.9 188,8(189,4)
% Total Condylar Surface 9,4 11.5(11.6)
Figure 2.15: Plot of the pressure sensitive Fuji-film and ultrasound contact patch measurements 
showing the contact area region marked with shaded area and dotted markers respectively {Zdero
et al, 2001)
Villa et al. (2004) compared the in-vitro study using pressure sensitive Fuji-film contact 
area data with the computation simulated estimation in mobile bearing models and the 
difference was less than 5% for flexion angles from 15° - 60°. D ’Lima et al. (2006) 
implanted a tibial component fitted with a transducer and transmitter (Figure 2.16) 
which estimated the joint reaction force to be around 2.6 BW in gait. The model was 
expanded by Zhao et al. (2007) who used the same patient data to estimate in-vivo 
pressure loads on lateral and medial condyles and, using a Pro/Mechanica Motion 
model, the average contact areas on both condyles (Figure 2.17). Krichen et al. (2006) 
developed a different in-situ optical visualization technique using a femoral head made 
of glass (Figure 2.18) to measure the contact area on the tibial component. This 
provided comparable results to the pressure sensitive Fuji-film technique. The study 
found that the contact area increased with an increase in load.
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The ultra-sound technique provides a non-intrusive measurement approach, without 
disturbing the interaction between two contact surfaces. The Fuji-film technique 
involves placing the film between two articular surfaces, and requires the threshold 
value of stresses to estimate the contact area. Further, in the case of the Fuji-film 
technique the contact area increases with increasing load, whereas in case of ultra-sound 
technique it was found to be unaffected. The ultra-sound technique is relatively new, 
however the outcomes are consistent with the manufacturers' intended symmetry of 
implant loading on the lateral and medial sides {Zedro et al, 2001). The Fuji-film 
technique is mainly used because it is relatively easy and cost effective, whereas the 
ultra-sound technique requires specialist skill and is expensive but efficient. The 
measured 3D ultra-sound technique also correlates with 2D mathematical models 
{Zedro et al, 2009). The ultrasound technique can be used in-vivo, because of its non- 
intrusive nature.
In order to detennine the pressure contact surfaces to use in the modelling in this thesis, 
a combination of ultra-sound and Fuji-film results have been used as will be seen in the 
next chapter.
Polyethylene insert
Transducer strain gauges
 Titanium shell
Location of multichannel transmitter
Glass feed through antenna
Protective polyethylene cap
Figure 2.16: Tibial components implanted in an 80 year old male patient with transducers and 
transmitters to record the contact mechanics data of the knee. {D ’Lima et at., 2006)
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Figure 2.17: Estimated contact area and contact pressure on the tibial insert by the lateral and 
medial condyles in gait and step locomotions {Zhao et a l, 2007)
alera medial
Load=30DON
Figure 2.18: Photograph showing the contact area on the tibial insert recorded using optical 
visualisation technique by Krichen et a l, 2006.
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2.5.5 Results
According to Lewis et a l (1982), the vulnerable structural elements leading to failure 
due to loosening are: (1) the bone-cement interface; (2) the polymethylmethacrylate 
bone cement; and (3) the cancellous bone. Failure of any one of these elements may 
lead to failure of whole system. It is assumed that the interface beneath the plate is at 
greater risk in tension, and the interface along the post is at higher risk in shear.
Vasu et a l (1986) and Beaupre et a l (1986) indicated that the conventional plateau 
designs with central posts or multiple pegs led to higher stress magnitudes in the 
trabecular bone near the distal ends of the post/pegs and stress shielding in the proximal 
region. A contoured epiphyseal based design of the plate minimises bone stress 
shielding and loosening and provides better fixation for both cemented and uncemented 
implants. Rawlinson et a l (2005) concluded that the use of a stem extension increases 
stability. However caution is needed while selection is being made over the quality of 
the cancellous bone lying under the tibial component.
Murase et al (1983) analysed the tibial component design in total knee arthroplasty 
with central fixation posts of 35mm -  70mm. These results were consistent with Lewis 
et a l (1982). The results showed that the tibial component with metal backing reduces 
proximal trabecular bone compressive loading when compared to similar polyethylene 
components. The research showed that the use of short central fixation posts of either 
polyethylene or metal has little effect on tibial stress distribution. However designs with 
two or more metal posts were reported to have a larger effect. In addition, while a long 
polyethylene stem provides insufficient rigidity to affect the load transfer; metal stems 
with adequate distal cement can provide desirable results. Figure 2.19 -  2.21 reproduce 
key results from the analysis done by Murase et a l (1983).
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T - t e n s I o n
Figure 2.19: Maximum compressive and tensile (principal) stresses in trabecular bone underlying 
the polyethylene component, with different loading direction in a 2D model, from Murase et a l
(1983).
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Figure 2.20. Maximum compressive and tensile (principal) stresses in trabecular bone underlying 
the metal and polyethylene tray type components of different widths in a 2D model, from Murase et
a l (1983).
5 0 0 .
Figure 2.21: Maximum compressive stresses in trabecular bone underlying the different designs of 
tibial components. From left to right the components are: polyethylene tray and post; metal backed 
tray and 35mm post; and polyethylene and metal 70mm post in a 2D model, from Murase et a l
(1983).
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Rakotomanana et al. (1992) while examining the interface of the tibial prosthesis and 
bone (Figure 2.22) using a 2D FE model of total knee replacement, concluded that 
continuously varying properties of bone affect the proximal tibial region of the model. 
The study used at least three different bone material properties. They modelled the use 
of different implants and fixation techniques and found significant differences in 
vertical displacement (Figure 2.23) and relative shear micromotion (Figure 2.24) of the 
interface.
These earlier models were primarily limited in two ways; mesh size and two 
dimensional geometry. The coarse mesh size meant averaging of stresses over larger 
regions and hence less accuracy. The 2D geometry gives more of an average picture of 
the model, it does not take into account the hoop stresses generated due to the closed 
cortical bone and these play a major role in the implant mechanics
MTTC uncemented PCA cem ented PCA
Figure 2,22: The 2D FE models to examine the interface of tibia! prosthesis. The three models are 
cemented metal tray total condylar (MTTC), and cemented and uncemented porous coated 
anatomic (PCA) tibial plateaus, from Rakotomanana et al. (1992)
ifw tO .O
60 60
C oordinateCoordinate C oordinate
Figure 2.23: The 2D FE models show the vertical displacement of the interface under the plateaux 
for symmetrical loading (dark lines) and unsymmetrical loading (dashed lines) for MTTC, 
cemented and uncemented PCA, from Rakotomanana et at. (1992)
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Figure 2.24 : The 2D FE models show the shear micromotion at the bone-implant interface under 
the plateaux for symmetrical loading (dark lines) and unsymmetrical loading (dashed lines) for 
MTTC, cemented and uncemented PCA, from Rakotomanana etal. (1992).
Au et al. (2007) argued that the “relatively high Young’s modulus of the prosthesis 
compared to the bone” as the primary cause of stress was “not sufficiently descriptive”. 
Other parameters such as design, load placement and modified loading pattern created 
by the TKR are of equal or more importance. Shown in Figure 2.25, (a) is a control for 
the study in natural tibia, (b) is with implants and (c) is a “second control” where the 
articulated geometry retained the shape of implants (with the flange and post removed) 
but had the material properties of the bone applied.
2D 40 60
RESECTED MATURAL 
BONE
IMPLANTS WITH 
BONE MATERIAL 
PROPERTIESU H M W PE  
TRAY
PM M A
FLANGE
Figure 2.25: A schematic FE models used by Au et al (2007). The sections with same colours 
represent same material properties.
In Figure 2.25(a), the tibia is resected and the system was assigned averaged material 
properties of the bone as in their previous study {Au et al, 2005). In Figure 2.25(b) the
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resected bone was removed and replaced with implants with their respective material 
properties. Two sub-models were created using this configuration, one with a realistic 
modulus (Young's modulus of T16AL4V = llTGPa) and another with a hypothesised 
modulus (averaged bone modulus of 837 MPa) for the prosthesis. In Figure 2.24(c) the 
implant system had the homogenous material properties of the resected bone as in 
Figure 2.25(a).
The stresses are shown for a high-modulus implant (T16A14V) in Figure 2.26, and 
compared with the much lower modulus cancellous bone “second control” and low 
modulus implant (100* of titanium implant) at various positions. These positions are (a) 
1 mm anterior to the post, (b) 1 mm postero-lateral to the post and (c) 6 mm antero­
lateral to the post. All stresses are normalised to those observed in the natural tibia, 
shown as a dashed horizontal line. The vertical dotted line demarcates the bottom edge 
of the post. The study demonstrates that not only the high-modulus but also the change 
in the geometrical aspect of the condylar surface causes the stress-shielding by changing 
the bending moments exerted at the articular surfaces, hence altering the stress 
distribution in bone {Au et al, 2007).
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Figure 2.26: A comparison of the normalised von Mises bone stresses resulting from changes in the 
material properties and loading conditions of the implant (a) 1 mm anterior to the post, (b) 1 mm 
postero-lateral to the post and (c) 6 mm antero-lateral to the post, (adapted from Au et aL, 2007)
Compléta et al. (2007) perfonued a FE study and experimental analysis of cortical bone 
strains of intact and implanted tibia. The composite tibias as shown in Figure 2.27 (No 
3302, Pacific research labs, Vashon Island, WA) were used for the experimental setup.
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The PFC Sigma Modular Knee System (DePuy International) was implanted into these 
bones. Strain gauges were placed on the lateral and posterior surfaces of the “cortical” 
bone. The setup was reconstructed for FE modelling using the dataset created from the 
CT scans of the model. The study considered four scenarios; intact tibia, tibial insert, 
cemented stem-extension and cementless stem extension. A linear regression analysis 
was performed to measure the correlation between measured and FE strains. The linear 
correlation coefficient (R^) was found close to 1, with a small intercept (between 0.9 -  
1.1) and root-mean-square-error percentage was less than 5% under most important 
loads. This proved that FE studies can adequately reproduce experimental data.
Completo et a l (2008a) used the FE models described above to investigate the strain 
shielding in the tibia at levels LG, LI, L2 and L3 in Figure 2.27 at 33 mm, 53 mm, 133 
mm and 202 mm respectively from the reference plane on the cortical surface. The 
study investigated strain shielding in the proximal tibia and found a reduction in strain 
in all the implanted setups compared to the intact tibia. Further, the reduction of strain 
in a cemented stemmed implant was found to be three times higher than the press-fit 
stem model and four times higher than the standard implanted tibia. The results 
demonstrated pronounced strain-shielding effects in the proximal region (under the 
tibial tray) with the cemented implant. The press-fit stem presented a minor amount of 
strain shielding at the proximal end but more extensive shielding along the length of the 
stem (as the load transfer is only due to the friction between bone and implant). 
However, an increase of strain was observed near the tip in all types of stem fixation.
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Anterior sMe
AM3^
Figure 2.27: Figures adapted from Compléta et al. (2007) showing implanted tibia with strain 
gauges (left); and the schematic plot showing the location of the strain gauges with respect to the 
reference on the posterior and anterior sides of the tibia (right).
In a recent study, New and Barett (2009) conducted laboratory experiments using saw­
bones and the PFC Modular Knee System to understand the effect of the cementing 
technique in the fixation of the implants in the tibia. The study showed that cement 
pressurisation does not have any effect on the fixation at the proximal tibial surface. The 
penetration of cement is time dependent and, in order to achieve maximum stability, the 
insertion in the time recommended by manufacturers (3 minutes from preparation) was 
key to having an optimum viscosity. They stated that the need to cement the stem or the 
need of the stem at all for stability is a controversial issue. The argument lay between 
the initial stability due to cemented fixation and proximal tibial stress shielding leading 
to reduced bone density.
For the current research the clinical consultant believes that the patient should not be 
subjected to unnecessary bone cement and the conclusion from the limited follow-up, 
presented in Section 2.4.3, suggests that the uncemented-stem extension (or press fit 
stem extension) should be used if possible and is more likely in primary TKA, and
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hence in the models developed (as explained in the next chapter), the cement will not be 
applied to stem extension.
Various researchers have made assumptions in their estimation of magnitude or 
direction of the applied load. In terms of location of contact patches and contact area, 
the estimate is based on in-vitro studies. These data were used in the current finite 
element studies, adding to any systematic error in the results. The magnitude of the 
stresses may not be precise, however the relative difference between different 
parameters of a single study should remain consistent and the trends identified in 
different studies should be reasonable.
2.6 Conclusion
The literature reviewed has provided confidence in applying analysis parameters such as 
direction of force, loading, ligament attachments and boundary conditions. The studies 
showed the role of ligaments can be modelled as springs to reproduce the skeletal 
response. Parameters such as the augment orientation and valgus / varus inclinations are 
important in understanding the effect of augment geometry and the angle of resection of 
the bone in post-surgery recovery. Benefits of stem extension were found to be 
dependent on the quality of bone lying under the tibial tray.
The major causes of long term failure in total knee arthroplasty are linked to loosening 
of the implanted components. The factors leading to loosening include bone resorption, 
localised overloading of interfaces, implant design and implantation techniques.
The reviewed literature has shown that patient specific bone geometries can be created 
using suitable imaging algorithms or software. The studies showed the possibility of 
using heterogeneous material properties, however it may be best to use homogenous 
material properties because it is the simplest assumption and further studies can build on 
this.
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Mathematical kinematic and kinetic models have been established and have been in 
constant development for over four decades. These models along with in-vivo 
telemetric data allow recording and estimation of the tibio-femoral force. In-vitro 
studies enable prediction of the size and location of contact region, and hence provide a 
suitable location for application of pressure on the tibial component in this thesis. This 
knowledge reduces the size of the required model as it is only necessary to model the 
tibial bone with implants and not the whole lower extremity and contacting femoral 
component. The literature review suggests that the use of the dominating (axial) load in 
the tibia is a sufficient starting point for a parametric study. More complicated loading 
models can be developed in further research.
Over time various researchers have developed different methods of creating models to 
study various aspects of TKR and implants, including the use of the stem. They have 
validated them against clinical results and/or experimental data. However, this review 
has shown that there is no published TEA study of the stability of the augmented TKR 
to treat tibial defects along with a parametric analysis of the use of stem extensions with 
such augments.
The clinical studies showed an inclination for the use of stems and also uncemented 
stem extensions if possible. This needs further research when using augments to correct 
deformities during TKA. Cement was commonly used to fill any gaps but the potential 
limitations of this suggest that exploring the stresses and the possibility of cement 
failure would be worthwhile. Another area of concern raised was the stress shielding in 
the cancellous bone and reduction of BMD over time due to the use of TKA and (of 
more concern) the use of a stem extension. Again, this needs to be explored in 
conjunction with the use of various augments and stem-extension combinations.
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3 Modelling Techniques
This chapter discusses the various steps and approaches taken to create the finite 
element models that will be analysed in order to assess the stability of the tibial 
implants. The results of such analyses are discussed in subsequent chapters. Finite 
element modelling allows a problem with complex boundaries and properties to be 
broken down into a series of small but finite-sized elements or volumes, allowing 
reasonable approximations to be made of parameters such as stress and strain. In order 
to develop these models, a review of potential modelling software was required. 
Subsequently, modelling techniques were developed, which allowed the creation of 
various components of the model such as bone with an implant cavity, cement and tibial 
components. These are also presented in this chapter.
3.1 Overview
The first task was to assess various commercial software that are capable of producing 
three dimensional geometry (CAD), and/or FE models from CT scans or MRI scan 
images. The second task was to measure the capabilities of these software packages in 
terms of their ease of use with the FE package ABAQUS™. An extensive analysis of 
these image-processing software packages are discussed in an interim study (Agarwal, 
2009) and a summary is presented here.
These software techniques were required not only to produce a model of the tibia but 
also to reproduce the surgical techniques undertaken during TKR. Therefore, the key 
criteria for suitability were:
a) A three dimensional model that can easily be translated to FE packages.
b) The geometrical features of the model are not lost during exchange between 
software.
c) The software allows the user to create a mesh in the FE package.
d) There is user support from the software developers.
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e) The software either allows the user to apply material properties in the image 
processing module or provides the freedom to use a FE package to achieve that 
purpose.
f) The approach allows for changes in the geometry of the model to reproduce 
surgical techniques, such as tibial resection and augmentation.
g) Finally, the use of the least number of software packages.
3.1.1 Comparison of Software Techniques
The different modelling techniques that were explored are shown in Figure 3.1. A 
summary of the outcome of the comparison of each step and the modelling technique as 
a whole are discussed in this section.
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Modelling Technique 1 Modelling Technique 2
CT-Scans
Image Processing 
(Simpleware, Mimics etc.)
-I
CT-Scans
Image Processing 
(Simpleware, Mimics etc.)
■I
CAD Boolean 
(SolidEGDE) 
[ Resection /  A ugm en ta tion  ]
CAD Boolean 
(ABAQUS) 
[ R esec tio n /  A u g m e n ta tio n ]
I I
Finite E lem ent Analysis 
(ABAQUS)
Finite E lem ent Analysis 
(ABAQUS)
Figure 3.1: Flowchart of two modelling techniques
3.1.2 Image Processing
CAD models that can be further manipulated for surgical reproduction, such as tibial 
resection and augmentation, were to be created from the CT scan data. The software 
reviewed were AMIRA, SIMPLEWARE, MIMICS and 3D Doctor (all versions of the 
year 2008). The basic features and limitations observed in the various software 
assessed are shown in Table 3.1. Mimics and Simpleware provided more tools for finite 
element modelling such as mesh generation with element type controls and varying 
material properties. 3D-Doctor is a stand-alone package, however Mimics, Simpleware 
and Amira are ‘need-based’ software packages with base and add-on modules, 
depending upon the requirements and functions a user needs to perform.
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Properties/Features/Limitations Amira 3D Doctor Simpleware Mimics
Input File Types
DICOM/RAW * * * *
TIFF/GIF/JEPG/PNG/BMP * * * *
Interfile * * * *
PGM * * * *
MRC * * *
Analyze * *
Meta-Image * *
IGES *
STEP »
STL * *
VRML *
Mesh
Output File Types
STL * * *
DXF »
IGES, IGS * ### *
3DS/0BJ/VRML/PLY/XYZ *
ABAQUS/ANSYS/I-DEAS/LS-
DYNA
* *
MSC.Patran/Fluent » *
Mesh * * *
Surface Mesh *
Volumetric Mesh *
Contact Surface * Not Tested
Complex mesh properties *
Quantitative Analysis (Volume, area, 
etc)
* » » *
Material Properties * *
Table 3.1: Comparison of the 3D image processing software packages
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### The STL file created from Simpleware software is sent to Simpleware. The 
company then returns the IGES file. Simpleware Ltd planned to include an IGES 
translation function as part of a future updated version.
3.1.2.1 Summary of Observations
a) Simpleware and Mimics were able to automatically collect information from the 
image files about the resolution, and slice thickness^
b) In terms of navigation. Mimics and Simpleware allowed navigation in all the 
three planes viz. Frontal or Coronal plane, Sagittal or Medial plane and 
Transverse plane.
c) Both software packages (Mimics and Simpleware) allowed assignment of the 
material properties using the colour (greyscale) density of the pixels/voxels to 
determine the material at element level of the mesh.
d) The meshing process actually works in a similar way to other rapid prototyping 
software, where the rendered volumes or surfaces are converted into STL. 
Mimics use the mesh module to create areas (shell elements) from the triangles 
and tetrahedrons created in the STL file. Then using the FE pre-processor in 
ABAQUS the shell elements are converted into solid elements.
3.1.2.2 Conclusion
a) There was no support from the developers of 3D Doctor™ and hence there is 
a possibility that all features might not have been fully assessed.
b) Amira™ did not offer the option to apply material properties, has limited 
mesh options and failed in terms of robust memory handling compared with 
the other software. Further, additional software was needed to translate 
Amira^M output files to FE software.
c) Mimics™ was assessed as a better choice for the purpose of rapid 
prototyping, surgical planning and creating a finite element mesh.
Slice thickness can be defined as the distance between two continuous imaging slices.
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d) Simpleware™ was assessed as the best option for creating a finite element 
mesh and exchange with CAD models for the purpose of finite element 
modelling. Therefore the software deemed suitable for the study presented in 
this thesis work. The use of Simpleware is briefly discussed in Section 3.3.
Since the evaluation, Simpleware™ and Mimics™ have published new versions capable 
of additional tasks which overcome some of the short comings identified. Some of them 
were discussed with the respective companies during the evaluation period.
3.1.3 CAD Operations and FE A
The lower half of Figure 3.1 shows two different approaches. In Modelling Technique 1 
(MTl) the use of specific CAD software such as SolidEdge™ was a logical choice, and 
then the model was exported to the FE package ABAQUS. In MT2, the use of 
ABAQUS™ was investigated for both the CAD and FE analysis aspects due to 
problems encountered in MTl. MTl has been explained briefly elsewhere, (Agarwal, 
2009) and a summary of the main points are reproduced in this section. The model parts 
that were created in the CAD phase of the processes were:
1) Resected tibia from the CAD model created using CT-Scans.
2) Implant cavity in the bone, using an enlarged implant part.
3) Cement to fill the cavity between bone and implant.
CAD models for implants such as the tibial tray, tibial insert, stem extensions and 
augments were provided in IGES or Parasolid format by DePuy International (Leeds, 
UK).
3.1.4 Problems in Modelling Technique 1
The CAD parts created as outlined above and manipulated using SolidEdge™ produced 
a number of problems. Some of the problems were fixed by troubleshooting the
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meshing or the reconstruction process, however, due to inconsistency in the occurrence 
of the problems and reconstruction errors no permanent solution was found. The only 
explanation is that working with complex irregular geometry is not always fool proof. 
The problems included:
a) The sectioned bone needed to be checked for any discontinuity, such as free 
points and free lines, to ensure that the model was a valid solid part.
b) The implant sometimes needed to be simplified in order to translate'^ properly 
from SolidEdge™ to ABAQUS™. An unexplained error in the reconstructed 
model resulted in the creation of cylinders and spheres in an irregular pattern. 
This was due to the inability of the model to regenerate the irregular geometry 
from the IGES file.
c) The cement part shown in Figure 3.2 was difficult to mesh due to the problems 
with small areas. The reconstructed model sometimes generated two surfaces too 
close to each other (e.g. the inner and outer surfaces of a pipe). Therefore, the 
resulting elements were too small to be processed successfully.
d) Sometimes the model seemed to translate properly and after troubleshooting the 
above stated errors, a solution was achieved. However it took more than a month 
to create a working model and as a number of models were required this was not 
considered an appropriate way forward. Thus another approach was explored.
(a) (b)
Figure 3.2: Cement part created in SoildEdge™ (a) highlighting small areas at the bottom of 
the fin, (b) Isometric view of the cement part.
Translate here means reconstruction of the model in a Boolean operation; while importing a model or 
creating a solid model from the boundary surfaces.
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3.1.5 Modelling Technique 2
The problems listed in Section 3.1.4 inherent in MTl resulted in the exploration of 
alternative approaches and techniques which could provide faster, smoother and more 
reliable working solutions for modelling and analysis. ABAQUS™ version 6.7-5 (and 
above) has robust CAD modelling tools and, since the models needed to be manipulated 
after importing them into the finite element package, it seemed sensible to try a different 
approach using Simpleware™ and ABAQUS™ without any intermediary CAD 
package. Thus, in MT2, ABAQUS was used for all sets of procedures from creating the 
CAD geometry, reproducing surgical scenarios and finite element analyses to obtaining 
results. This approach was found to be successful and is discussed in detail in Section
3.3.3 The following sections now discuss the final approach (i.e. the role of Simpleware 
in MT2) in more detail.
3.2 Simpleware
Simpleware is a structured solution to translate three dimensional CAD models or 
stacks of volumetric scans to FE models accurately. Simpleware consists of three parts, 
known as ScanlP^’^ , ScanFE^M and ScanCAD™, which are explained further in 
Sections 3.2.1 and 3.2.2. Simpleware is designed to function as a single package with 
the possibility of add-on modules. It is primarily designed to convert scan data to high 
quality models suitable for finite element analysis and computational fluid dynamics. 
The software solution can also be used for rapid-prototyping and image visualisation.
3.2.1 Overview
The various modules and functions are summarised in the flowchart shown in Figure
3.3
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CT, MRI, Micro-CT ^ S c a n IP
Image processing loois] — >  CAD, STL
* S can C A D  '|  f  * S c a n F E  i
l^ integrating CAD into imagej volumetric meshing 1
Import » • • ^  
Export — >
Figure 3.3: Flowchart of Simpleware (© Simpleware Ltd UK 2008)
The basic steps can be summarised for the required application as:
a) Create a 3D object in Simpleware® from the scanned data
b) Mesh the 3D object from ScanIP in the TEA module ScanFE (optional).
c) Export the 3D object to ABAQUS as mesh from ScanFE; or Export the ScanIP 
output for conversion to IGES format.
d) Load the ABAQUS mesh in the FEA module or import the IGES file into 
ABAQUS
However, the specific modules perform different functions within Simpleware® as 
explained below.
ScanIP: Is an image processing tool which reads a stack of scans and converts them 
into voxels or pixels. Then, if needed it can interact with ScanCAD to integrate CAD 
models with the scan. All the manipulation and segmentation of data takes place in this 
module. This is the main platform for using Simpleware, and ScanCAD and ScanFE are 
add-ons. The output is in form of either a CAD file or as an input to be used to apply 
material properties and generate a custom mesh for FE or CFD analysis.
ScanCAD: Allows the application to integrate CAD models with the scan data, with 
basic tools to orientate and align the objects to fit with the image processed data. There 
is only an internal output from ScanCAD to allow the manipulation of the data in 
ScanIP environment.
ScanFE: This is the mesh generation module that allows the user to translate voxels and 
image properties into material properties and elements, nodes and contact surfaces. The 
program is only capable of generating volumetric meshes.
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3.2.2 Using Simpleware
a) Import the stack of images. The application allows the user to choose between 
RAW  images, stack o f images and Dicom. With Dicom, ScanIP automatically 
reads most of the dimensional information and image properties, allowing the 
user a quick start with key tasks. There are also custom settings available (but 
not required most of the time). With RAW images, the spacing between images 
and pixel size or resolution has to be explicitly defined.
b) The next step is to select the transformation level, which defines the contrast and 
brightness level of the image. This can be read directly from the header of a 
DICOM file, selected from the pre-defmed thresholds or customised by expert 
users. Figure 3.4 shows the difference between two images using scanner 
suggested control points and custom control points. It is advised to use system 
suggested control points to preview the quality of data. In a second stage, using 
custom selection, the threshold can be varied to generate smooth and regular 
surfaces. If there is noise in the data or over-exposure of the image takes place, 
then use of the custom control points can correct the contrast and brightness 
levels of the image, and improve the quality of the image.
Figure 3.4: Images of condylar surface of the tibia (a) with default settings and (b) with custom
settings.
c) After this stage, the first step of image processing takes place which is data 
modification. This deals with restricting the amount of data to be worked on,
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using crop and pad  functions. Resample (Figure 3.5) allows modification of the 
resolution and spacing of the stack of the image data. Rescale allows 
optimisation of the data to the right physical measurements, which is essential 
while integrating scanned data with CAD models.
Pl^isical entent: 158.000003mm x 158.000000mm x 210.000000mm 
Adapted physical extent: original x original x original 
Current pixels: 512 x 512 x 300
New pixels: 226 x 226 * 300
Current spacing: 0.308594nrm x 0.308594mm x 0.700000mm
New spacing: 0.700000rrm x 0.700000mm x 0.700000mm
Units'
O Physical extent (pixels) ©  Pixel spacing (mm) O Percent change (%)
X 0,700000
Y 0.700000
Z  0.700000
0  Culsic resampling 
Background Image Interpolation method 
i  Linear v  |
Mask Interpolation method
Nearest Neighbour
Figure 3.5: Resampling tool in Simpleware
d) Filtering allows the reduetion of noise levels inherent in the analogue devices. 
There are a number of filters that can be used to enhance the continuity of a 
model by changing the morphology of the data by interpolating neighbouring 
pixels.
e) The next step is segmentation and mask handling. Most of the user skill in 
ScanIP is needed in using interactive tools such as paint, floodfill and region 
growing', where the user makes a decision based on the image data on an 
intersecting 2D plane. The operation allows the changes to take place in a new 
mask, or by merging with the current mask. A mask can be defined as a selected 
subset of the whole 3D volume. The threshold works in the greyscale range of 0- 
255. Using Boolean options such as union, subtract, intersection and invert the 
desired dataset or mask is obtained. Figure 3.6 shows a snapshot of the ScanIP 
module with a resected and implanted tibia.
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Rendering
Figure 3.6: Snapshot of a resected and implanted tibia in the ScanIP module of Simpleware™
f) In Figure 3.6 the left panel shows the segmentation module. In the lower left 
panel the different masks are listed. The ones marked visible are the ones which 
will be used to create parts of the assembly shown in the bottom right comer. 
Hence in this example different final masks are parts of the final assembly which 
will be broken down into elements and exported using ScanFE. The purple 
coloured mask is a CAD model of the tibial implant, brought into ScanIP using 
ScanCAD. Figure 3.7 shows a snapshot of the ScanCAD module.
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Figure 3.7: ScanCAD module showing an implanted femur {Simpleware Guide, 2007)
g) In figure 3.7 the purple hip implant is oriented with respect to the femur. The 
(bone) dataset from ScanIP is the basic input file and then the CAD model 
(implant) is imported and assembled to fit (with the bone) at desired location. 
Once this is achieved the CAD model is converted to a format similar to the 
ScanIP masks. Then the new data set is exported to ScanIP, to fill any holes or 
solve any overlapping issues or to transfer it as a STL or FE input file.
h) In ScanFE the masks (the ones marked visible and selected to create a preview) 
are given an order of priority and smoothing conditions. Contacts and material 
properties, element size, element type and quality of mesh are defined, and then 
the data set is exported as a suitable input file for a user-defined FE analysis 
package. The material distribution process takes place in two steps. In the first 
step the different masks are recognised as different parts, and material properties 
can be defined for each part. In the second step a type of material distribution 
such as homogenous or variable distribution (based on grey scale values of the 
CT Scan data) is used. The exported mesh using a dataset suitable for
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ABAQUS™ is shown in figure 3.8 where different colours depict different 
parts/materials.
i) Instead of creating the mesh in ScanFE, another approach is to export a CAD 
file to the FE package and create the mesh in the FE package.
Figure 3.8: Mesh exported by Simpleware in ABAQUS
j) Figure 3.8 shows the non-uniformity of the mesh and lack of control of the size 
and shape of the elements from ScanFE. There were global parameters to control 
the mesh size and, in order to get a suitable mesh, the number of elements 
required was too large to compute in a reasonable time, 
k) An alternative option is to export a STL file of the tibia. The file was sent to 
Simpleware Ltd; who returned an IGES file of the tibia. The advantage of 
working with an IGES file is that meshing can be carried out in the FE package. 
This was found to give more control on the meshing and reduce the number of 
elements down to 20% of the mesh produced by ScanFE. This was the approach 
finally adopted and is discussed in more detail in Section 3.3. This was intended 
to be a temporary arrangement until the release of a newer version, which should 
have had an IGES output feature (however this did not happen over the period of 
the research).
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1) With the suceess of this alternative meshing approach in the preliminary models, 
the whole cortical shell with inner and outer boundaries was converted into a 
IGES model, and imported in the FE package as shown in figure 3.9(b).
Figure 3.9: (a) The whole shell model using preliminary approach in Simpleware (MTl); (b) 
Model of tibia created using alternate (MT2).
3.3 Modelling with ABAQUS (i.e. Modelling Technique 2, MT2)
The chapter discusses the various steps taken to create the finite element model in the 
final modelling approach adopted (i.e. MT2). The results of such analyses are then 
presented in later chapters. Finite element modelling allows a problem with complex 
boundaries and properties to be broken down into a series of small elements or volumes, 
each with finite dimensions, enabling reasonable approximations to be made of 
parameters such as stress and strain. The aim at this stage was to create a working 
model that can be modified to include augments or other features. This will provide the 
opportunity to replicate clinical operations and in-vivo conditions in a simulation 
environment.
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3.3.1 Introduction
The three dimensional models of the tibia were created from the stack of two 
dimensional images provided in DICOM format using a CT scanner at the Royal Surrey 
Country Hospital (Guildford, UK). The scan was from a healthy 48 year old male 
volunteer weighing approximately 105 kg^ .^ The three-dimensional CAD models of the 
implants were provided in IGES or Parasolid format by DePuy International (Leeds, 
UK). The tibia models were created using Simpleware™ as discussed in Section 3.2. 
Then these models were assembled and analysed using ABAQUS™.
The following steps were performed to create the computational model.
(a) Create a 3D cortical shell bone model (as shown in Figure 3.9b) from the 
scanned images, as discussed in Section 3.2.
(b) The cortical shell was imported as an IGES file into ABAQUS. The geometry of 
the cortical bone is further discussed in Section 3.3.3.1. The cancellous bone 
was subsequently created as discussed later in this chapter.
(c) Create a cement part from the implant, by scaling and subtracting the original 
implant from the scaled implant geometry, producing a cement layer of 
thickness 2 mm + /-1 mm.
(d) Resect the bone and modify the part to simulate the surgical operation (i.e. 
remove cancellous bone to accept the stem and surrounding cement), ensuring 
the cutting angles are as suggested by the operation procedure manual and are 
best approximations to the real life situations.
(e) Assemble the bone and implants.
(f) Apply contacts.
(g) Mesh the assembly.
(h) Apply boundary conditions and loads.
(i) Analyse the resulting model.
The weight was not measured according to good laboratory practice, and was just provided by the 
volunteer.
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3.3.2 Simpleware
Section 3.2 outlines the procedure for using the image processing techniques. The scans 
of the volunteer as described in the previous section were used to create the three 
dimensional model. The model created in Simpleware (the 3D cortical bone region), 
was exported to an STL file and sent to Simpleware™ Ltd. They then translated the 
STL file into an IGES file which is a compatible CAD format, for subsequent 
processing in ABAQUS, the outcome of the CAD file is shown as Figure 3.9b. The 
following section outlines the work subsequent to receiving the IGES file.
3.3.3 Outline of the CAD operation
The summary of the CAD operations (carried out in ABAQUS) that were performed on 
the IGES model are as follows. These are then discussed in subsequent sections:
i. The bottom of the tibial part was aligned parallel to the universal XZ plane. 
Then the proximal tibial condylar surface of the knee joint was sectioned. This 
operation was performed by creating the datum plane and using it to divide the 
part into two sections.
ii. The sectioned condylar surface was deleted, leaving a sectioned tibia.
iii. The internal open space was enclosed using the inner surface of the imported 
cortical shell and proximal and distal closing surfaces to create the cancellous 
bone volume.
iv. The implant was positioned as specified in the surgical guide and discussed in 
detail in Section 3.3.4.
V . Then the implant part was scaled up hy 10 - 15 % and simplified forming the 
basis of the cement layer.
vi. Then the original implant was subtracted from the scaled and simplified model 
of the implant, to create the cement layer giving a final cement thickness of 
about 2 mm ± 1 mm.
vii. The cement layer was used to create a cavity in the cancellous bone.
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3.3.3.1 Bone Resection -  Total Knee Replacement Model
In this section the basic TKR modelling is discussed, in subsequent sections use of 
augments, and the application of boundary conditions are explained. The following 
steps were followed to create the TKR model:
a) The IGES model of the variable thickness 3D cortical shell was imported into 
ABAQUS™ as shown in Figure 3.9(b). The model was then sectioned, guided 
by a clinical team member of the project, to create the proximal and distal planar 
surfaces as shown in Figure 3.10. The resected plane is oriented and the stem 
positioned in such a manner that the central stem of the implant coincided with 
the centre of the tibial medullary canal without penetrating the cortical region of 
the bone. Figure 3.10 shows the process implemented using Boolean operations 
to perform the virtual clinical operation to resect the bone. Note, that the edge of 
the tray should cover most if not all of the cortical region of the bone. An 
overhung implant is more acceptable than having the implant edge penetrating 
into the cancellous region of the sectioned surface.
Figure 3.10: Sectioned TKR model showing the cortical thickness.
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b) The internal edges of the cortical shell were used with closing distal and 
proximal surfaces to create the cancellous bone region as shown in Figure 3.11.
Figure 3.11: Sectioned model of bone with cortical bone and cancellous bone together.
c) The next step was to create the cavity to hold the implant and cement. Johnson 
& Johnson (1994) and DePuy (2004) present a clinical technique for preparing 
the resected tibia for the tibial implant. Following the clinical practice of the 
consultant advising this research the cement layer was extended down to the end 
of tibial stem. This practice may vary between clinicians. The cement part was 
created by using the outer surface of the original and enlarged implant models. 
The cement part created is shown Figure 3.12. Note the difference at the distal 
end of the cement part (for the “with” and “without” stem extension model), 
which was based on the clinical guidance received.
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(b)(a)
Figure 3.12: Cement part created in the ABAQUS™ with about l-2mm thickness for non­
augmented TKR models, (a) without stem extension; (b) with stem extension.
d) The cement part was used to create the cavity for the implant in the bone. This 
was a single step Boolean operation of subtracting from the bone stock. In order 
to ensure the correct position of the cavity the inferior surface of the cement was 
aligned face-to-face with the resected bone, providing maximum coverage of the 
surface and bone-topology landmarks as outlined in the steps above. The 
working time in terms of modelling is less than a week. The whole process 
generally did not take more than 2 days. However, while working with new 
geometries, a week was sometimes needed to do the measurements, positioning 
and ensuring the dimensions are consistent while implementing the modelling 
technique. The updated bone part is shown in Figure 3.13.
Figure 3.13: The final bone part with the cavity for the cement and implant, in ABAQUS^^^
e) The cortical thickness was measured at four sectioned planes as shown in Figure 
3.14 and 3.15. The thickness varies from the proximal to the distal end (Figure
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3.16) with a) the anterior side increasing from 4 mm to 8mm, b) the posterior 
side remaining fairly constant at 5 mm and then reducing to 4 mm, c) the medial 
side starting from 4 mm thickness and then reducing to about 3.5 mm, and d) the 
lateral side staying constant at about 3 mm. A literature review only showed an 
averaged tibial thickness of approximately 5 mm, (yan Gerven, 1973; Wear, 
2003).
1) Sources of error when processing the CT images using Simpleware come from 
the scarming resolution, surface smoothing and CAD conversion. Each of these 
aspects will be discussed in turn. The clinical CT scans provided a resolution of
0.45 mm x 0.45 mm x 0.625 mm. In order to create a smooth non-intersecting 
inner and outer cortical surface, the thickness needs to be at least 3 pixels. Hence 
a single pixel thickness (0.45 mm) could give a cortical thickness of ~1.5 mm. 
However the proximal sectioned tibial plateau was at least 3 pixels thick and so 
this is not a major issue. In the condylar region the cortical thickness is less (Fig 
3.4) but this region was resected and removed from the TKA model. 
Additionally, there is a small increase in thickness in smoothing small ridges and 
valleys on the bone surface. Finally, during CAD conversion, further surface 
smoothing occurs during the creation of the spline surfaces.
Figure 3.14: The medial-lateral plane cutting through the tibia for measurement of cross- 
section thickness with respect to the length of the tibia.
g) There would have been no need to create (or delete) these extra pixels, if the 
mesh could have been reliably generated directly from the CT scan data.
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However due to lack of control of the mesh quality of both the bone and the 
implants, as discussed in Section 3.2.2, this did not seem to be a viable 
approach. Thus the alternative CAD based approach was developed but, as 
discussed above, the penalty is an increased homogeneity in the thickness of the 
cortex.
Figure 3.15: The anterior-posterior plane cutting through the tibia for measurement of cross- 
section thickness with respect to the length of the tibia.
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Figure 3.16: A plot showing the variation in thickness between the proximal and distal ends 
using the cutting plane defined in Figures 3.14 and 3.15.
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h) The bone segments: cortical and cancellous regions are not fully accurate 
representations due to the limitations stated in f) above and the use of a uniform, 
constant cancellous bone modulus. In reality, in the proximal region, the cortical 
thickness may be thinner than indicated and the cancellous bone denser and 
hence has a higher modulus. The cancellous bone region virtually disappears in 
the distal shaft region and is replaced by a fatty substance. The accuracy of the 
thickness change and bone volume, can really only be determined accurately by 
ex-vivo examination of the sample. The implications of these limitations are 
discussed in the next chapter.
3.3 3.2 Assembly of Components
In the Assembly module, the parts were translated to represent the final model setup. In 
order to align the components together in their correct positions, position constraints 
(such as faces parallel or face-to-face, edges and axes in parallel or coincident)
were applied to these part instances. Figure 3.17 shows the final positioning of these 
components in the full tibial model.
First, the bone instance was imported into the Assembly module. In this instance the 
cortical and cancellous bone were modelled together as one part, with the surface 
between them acting as a partition. Next, the cement-mantel was placed inside the 
cancellous bone using Parallel Face and constraining the coincident points at the neck 
and base of the cement. The tibial insert was placed in the cement using the same 
technique. The bearing component was placed on top of the tibial-tray using the 
Parallel Face, Parallel Edge and Face-to-Face constraints.
3.3.3.3 incorporation of Components
The following variations were used in the modelling in terms of augments and stem 
extension lengths and Figure 3.17 illustrates the components that were used in the 
different models:
i. Non Augmented Model
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a. Tibial insert with Polyethylene Butt^^ and no stem extension
In this case, the cement component part (as shown in Figure 3.12) 
also included the interface between the butt and the bone.
b. Tibial insert with 15mm, 30mm and 60mm stem extensions.
In this case, the cement part only extended to the distal end of the 
tibial insert, where the stem extension is attached. The stem 
extension was created using an extrude operation on the tibial 
insert, and the cavity was created using an extrude-cut in the bone 
part.
ii. Augmented Model
In order to create an augmented model, bone was further resected to 
accommodate these parts. Datum planes were translated and aligned with 
respect to the inferior surface of the augments on the bone and cement parts, 
then these parts were cut to remove the unwanted region. The cement layer 
between the augment and the bone were created by using the topography of 
the inferior surfaces of the augments. This surface was extruded to the 
required depth to form the cement mantle.
a. Wedge Augment
i. The wedge augment used was at an angle of 15° and the model 
was supplied by DePuy International (Leeds, UK).
b. Block Augment
i. The block used, has a depth of 8mm and the model was supplied 
by DePuy International (Leeds, UK).
c. The use of cement based augments with tibial inserts. The material 
properties of the augments in a) and b) above were changed.
d. Stem extensions to the tibial inserts which were created in the same way 
as the non-augmented models.
Figure 3.17 shows the use of stem extension, and the proximity of the tip to the cortical 
bone in the diaphyseal region. Rawlinson et al (2005) and Compléta et al (2008a,b)
This goes in the hollow section inside the tibial insert, which is removed to attach the stem-extension.
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drilled the tibia for stem fixation in the in-vitro studies until the "chatter" in the 
diaphyseal isthmus was felt. Compléta et al (2007) modelled the stem-extension with 
the gap between the cortex and the stem filled with cancellous bone. Marby and Arlen 
(2007) have pointed out that the poor quality of the diaphyseal bone at the end of the 
stem tip may cause pain, but the use of an uncemented extension (press-fit) is 
appropriate with good quality metaphyseal bone (such as in primary TKR). The clinical 
conclusion in Section 2.4.3 showed no strong consensus and the clinical practice of the 
consultant advising this research was to avoid contact between the extension and the 
cortex if possible and that this practice was not uncommon.
Lateral
Polyethylene Bearing 
Implant with Augment
Cement Mantle
Polyethylene Plug (Butt)
Stem Extension (60mm)
Cancellous Bone 
Cortical Bone
Wedge
Medial
Figure 3.17: Illustration of components in “view-cut” mode (a) Block augmented with butt, (b) 
Wedge augmented model with 60 mm stem extension.
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3.4 Finite Element Modelling Details
3.4.1 Mesh
The assembly was free-map meshed using defonnable 10-noded quadratic tetrahedral 
3D stress elements, with the exception of the bearing which was meshed with 4-noded 
linear tetrahedral 3D stress elements. The bearing was meshed with linear elements 
because of meshing problems experienced using quadratic elements. The mesh size was 
chosen as being a compromise between element size and solution time. However, it 
should be noted that 2"  ^order elements were used in all the regions of interest and the 
mesh size is comparable with (e.g. Au et al, 2005; Compléta et al, 2007), or better than 
(e.g. Miyoshi et al, 2002), the meshes used in other published 3D modelling papers 
related to the tibia. The Virtual Topology function of ABAQUS™ was used to combine 
very small faces in order to avoid very small elements. Figure 3.18 shows details of the 
mesh of the assembly.
Figure 3.18: Mesh of the assembly
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3.4.2 Materia! Properties
The material behaviour of the bone, implant and cement was assumed homogenous and 
linearly elastic. Probably the major limitation of these assumptions is assigning a 
uniform property to the cancellous region, however this was seen as an appropriate 
starting point. In practice there is much less cancellous bone in the diaphyseal region, 
and it is generally a fatty tissue of much lower elastic modulus. In practice this may 
mean that more load is transferred via the proximal bone than is seen in subsequent 
chapters.
A recommendation for future work would be to allow for a variation in cancellous bone 
properties over the region. This could be achieved either by appropriate zoning of the 
cancellous region (Au et al, 2005) or through a more advanced CT image grey-scale 
material mapping as discussed in the previous chapter.
Table 3.2 shows the material properties used for the modelling simulations. These data 
have been selected following the review of materials presented in Chapter 2. Figure 
3.17 shows a sectioned view of a typical block augmented TKR model highlighting the 
component parts.
Young’s Modulus Polsson’s Ratio
Cement Mantle 
Cement Augments
2,150 MPa 0.48
Cortical Bone 17,000 MPa 0.30
Cancellous Bone 700 MPa 0.30
Implant (Metal) 
Stem Extension 
Metal Augments
117,000 MPa 0.30
Bearing (HDPE) 
Polyethylene Butt
2,300 MPa 0.25
Table 3.2: Material properties of the FE models.
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3.4.3 Constraints and Loads
The following tie surface constraints were applied (a tied constraint permits no relative 
motion between the two surfaces) to:
i. The interior and top of the cancellous bone to the cement.
ii. The cement to the lower part of the tibial tray and outer surface of the stem.
iii. The base of the bearing with the top of the tray.
In the case of stem extensions, surface-to-surface contact was applied (allowing relative 
slip, but not penetration, when friction is overcome) with the following properties: (i) a 
tangential friction coefficient of 0.25 {Sawatari et a l, 2005; Taylor, et a l, 1995; Taylor, 
M. et a l, 1998) and (ii) a normal ‘Hard Contact’ with no penetration. An in-depth 
assessment of this contact and friction is discussed in Chapter 5.
The base of the cortical bone was constrained in all the three directions, as shown in 
Figure 3.19, to prevent displacement and rotation of the base.
The following points were considered when applying the load, which represents the 
point of maximum joint reaction force (a fuller discussion of all these aspects are 
contained in Chapter 2):
a) The load was applied just before toe-off at about 50% of the gait cycle. This 
position provides the maximum joint reaction force of about 3.5 times body 
weight. (Morrison, 1970). Further, at this instance, there is direct joint bone-to- 
bone contact and no ligament loading is required on the modelled components. 
(Nordin and Frankel, 2001).
b) A pressure load of 29.7 MPa was applied, to give about 3600N axial load. This 
relates to 3.5 times body weight of the volunteer whose CT data was used for 
model creation.
c) The two pressure contact patches each with the area of 58.95 mm^, are shown 
shaded in Figure 3.20. These contact patches are the contact areas as observed 
by Zedro et al (2001) using Fuji Film pressure paper and also an ultra sound 
technique as discussed in the previous chapter.
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d) Due to the inclined nature of the contact patch this will provide an element of 
anterior loading. However, friction between the femoral condyle and the HDPE 
bearing has not been included in this work.
Figure 3.19: Constraints at the base of the bone.
Figure 3.20: Pressure of 29.7 MPa was applied on both contact patches of the bearing in
Augmented TKR.
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3.4.4 Output Metrics
The following outputs were evaluated as results from the finite element analysis of each 
model.
(a) Displacement: (i) to check for the continuity across interfaces of the parts and 
interacting surfaces within the model; and (ii) to compare the models, checking 
that the displacement response due to the change in parameters such as 
augment, stem-length, load variability and cement interaction, seems 
reasonable.
(b) Overall axial stresses: to understand the pattern of load transfer and to check 
that the load transfer is reasonable with respect to change of material properties.
(c) Load transfer: this complements the outcome monitored in (b), and provides 
understanding of how the change of parameters in the FE models influences the 
net transfer of load thought each component.
(d) Von-Mises stress in the cancellous bone, along with (c) above allowed a 
qualitative assessment of the change in stress-shielding in the bone.
(e) Volume of bone with stresses below a threshold value (see Table 2.4 and e.g. 
Section 4.3.1) allowed a quantitative assessment of stress-shielding in the 
proximal cancellous bone region for the various configurations studied.
(f) Von Mises etresses in the cortical bone provided a check that there were no 
artificially high or low stresses in the bone, and a further check on the 
consistency of the model.
(g) Stresses in the cement were assessed to compare against fatigue threshold 
values (see Section 2.5.2.2) in both compression and shear for the range of 
configurations considered.
(h) Von Mises stresses in the metal were considered to check the consistency in the 
model and also compared with fatigue threshold values for the range of 
configurations considered.
The principal output metrics are cancellous von Mises stresses and cement stresses. The 
former will enable a comparison of the relative stress shielding the bone (which may 
lead to bone loss) for the configurations considered. Excessive values of the latter (ie 
bone cement stress) may result in interface failure.
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3.5 Conclusion
The evaluation of the image processing software and the modelling procedure 
concluded that the optimum approach was to create IGES files in Simpleware™ and use 
the CAD and meshing tools in ABAQUS™ in order to create and undertake the FE 
analysis of the tibial model. As with all methods this technique, has some sources of 
inaccuracy.
Geometric inaccuracies will arise from conversion from CT images to CAD and then to 
the mesh. These inaccuracies include aspects such as increased homogeneity in the 
thickness of the cortical shell. Therefore, the cortical shell will have a slightly higher 
thickness (and hence a higher stiffness) proximally and laterally in the reconstructed 
bone model, and a lower thickness medially, compared to the physical tibia it 
represents.
The cancellous bone is also modelled homogenously, whereas variations in bone 
density are seen in practice (Section 2.5.5). The implications of this have been discussed 
already and may result in an underestimate of proximal bone stress.
Further, the TKR model was from a patient with a healthy bone stock, while a tibia with 
a defect is likely to have less healthy bone stock and hence this may affect the 
distribution of the stresses.
In order to simplify the TKR model only pressure loads were applied and although these 
had a component of AP load, friction, which would increase this AP load, has not been 
included. Also, no internal-external moments were applied.
However, despite these assumptions and limitations a model of considerable complexity 
has been created and should form the basis for a reliable FE modelling study. Although 
absolute values of stresses may not be completely accurate it is expected that trends 
arising from the parametric nature of the study that is contained in subsequent chapters 
will be reliable.
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In Chapter 4, TKR models with metal augments but without stem extensions are 
compared. In subsequent chapters, after an assessment of the interaction properties 
between the stem extension and the cancellous bone (Chapter 5), the effect of load 
variation (on medial and lateral condyles) (Chapter 6), the use of stem extension and 
augments (Chapter 6 and 7) and an assessment of different material properties for 
augments (Chapter 8) are all considered.
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4 Geometry Modelling
The geometry model with a tibial length of 140 mm and a Type-II defect of 10 mm 
depth was considered for this study. The defect was treated with two different 
augments, block and wedge augments, both constructed from metal. These were 
compared with the non-augmented version of the same (LTKR) model. The 
development of these models was discussed in detail in Chapter 3.
Figure 4.1 shows a section through the block augmented model illustrating the various 
components. In this section LMBA and LMWA models refer to the metal block and 
metal wedge augments respectively. The Polyethylene Butt shown in the Figure 4.1 has 
been assigned the same material properties as the Polyethylene Bearing used in this 
study. This Polyethylene Butt is replaced with extensions of various lengths in models 
with stem extensions in later chapters.
Figure 4.2 shows the transformed local co-ordinate system (CSYS-1). The local 
coordinate system was created to align the models so that Z-axis of CSYS-1 is aligned 
along the centre of the implant stem with XY plane aligned along the base of the tibial 
stem. Unless otherwise specified this is the coordinate system that has been used to 
view the results in this and the following chapters. The base of the model is parallel to 
the XY plane of the global co-ordinate system, with the normal pointing downwards in 
global Z-axis. Further, for the shear-stress results, a local coordinate system (CSYS- 
Shear^^) was created with the XY plane aligned to respective cement surfaces.
SIMULIA ABAQUS/CAE 6.9-1 was used for pre-processing and post-processing the 
modelling data on a Intel® Core™ 2 CPU 2.4 GHz with 3.93GB RAM; and solutions 
were achieved using a Dell® PowerEdge™ Server with Intel® Quad Core™ CPU 2 x 
3GHz with 32 GB RAM. Approximately 450,000 elements with 600,000 nodes were 
used in these models.
CSYS-Shear has been suffixed with "-23" or "flat" for alignment of the axis in the direction of the 
measurement of the shear stresses.
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The interaction between the parts, the general boundary conditions and material 
properties were discussed in Chapter 3.
Polyethylene Bearing 
Implant with Augm ent
C em ent M antle 
Polyethylene Plug (Butt)
140  m m
Lateral
I # .
Cancellous Bone 
Cortical Bone Medial
Figure 4.1: View-cut LMBA model showing various parts of the assembly.
T ransform ed 
co o rd in a te  system  
fo r all Full 
G eo m etry  m odels.
Global C oord inate  System
Figure 4.2: Transformed Cartesian Co-ordinate System (CSYS-1) in the LTKR assembly
4-2
4 Geometry Modelling
4.1 Displacement
The overall deformation was consistent in all the three models. The offset of the load 
from the mechanical axis provides moments acting on the system. Figure 4.3 shows that 
the general movement^® is towards anterior-medial direction (augmented side). Figure 
4.4 shows the vertical displacement (U3) on a section passing through the fins (on the 
YZ-plane as shown in Figure 4.5). The continuous contours verify that the various 
interfaces of the model are constrained properly with no surface penetration occurring. 
The maximum displacement in LTKR, LMBA and LMWA were 1.45 mm, 1.46 mm 
and 1.46mm respectively. The model deformed medially with magnitudes of 0.693 mm, 
0.713 mm and 0.714 mm; and anteriorly with magnitudes of 1.271 mm, 1.274 mm and 
1.273 mm in LTKR, LMBA and LMWA models respectively. The displacements are 
largely due to the bending of the construct.
The displacement in the LTKR model (Figure 4.3) was compared to the finite element 
study of a non-resected tibia^  ^ and the displacements were found comparable for the 
load applied.
The meshed boundary is the non-deformed geometry and the contour plots are drawn on the deformed 
geometry.
See Appendix 1.
4-3
4 Geometry Modelling
U, Magnitude 
mm- 1.449  
1 .304  
1.159  
1.014  
0 .8 70  
0 .725  
0 .580  
0 .435  
0 .290  
0.145  
0.000
Figure 4.3: Deformation in the LTKR model to show the effect of loads.
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Figure 4.4: Deformation in (a) LTKR, (b) LMBA and (c) LMWA models on the YZ plane as shown
in Figure 4.5
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YZ-Planeof Local CSYS
(C utting m id-section th rough  the 
im p lan t fins).
7.5mm Posteriorto  the 
YZ-Planeof Local CSYS
Figure 4.5: Section in the Coronal Plane of the LTKR Model.
4.2 Overall Axial Stresses and Load Transfer
The reaction force found in the models LTKR, LMBA and LMWA in the axial direction 
of local co-ordinate system (CSYS-1) was 3586N. Figures 4.6 -  4.9 show a cut view of 
the axial stress distribution in these models. The spectrum setting for Figures 4.6 and 
4.7 are different to those used in Figures 4.8 and 4.9. The former set focus on the 
stresses in the cortical bone while the latter set focus on the stresses in the cancellous 
bone. Figures 4.6 and 4.8 are sections through the fins, and Figures 4.7 and 4.9 are 
through the centre of the contact patch (see Figure 4.5)
Figure 4.6 shows that in the LTKR model the stresses in the implant are broadly 
symmetric on the medial and lateral sides. The stresses in the fin of the LTKR model 
are symmetric, while the stresses in the augmented models are lower on the medial 
(augmented) side as more load is transferred to the cortical bone through the augments. 
The greatest reduction occurred in the block augmented model. The distal stresses on
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the medial side are more compressive compared to lateral side, which is consistent with 
the overall bending seen in Figure 4.3. The distal stresses are the same in the three 
models as the applied loads are the same. Figure 4.7 shows more symmetry in the 
stresses in the proximal region across all models.
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Figure 4.6: Contour plot of axial stresses in LTKR, LMBA and LMWA models (from left to right) 
through the mid-section through the fins of the tibial insert. Stresses in MPa.
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Figure 4.7: Contour plot of axial stresses in LTKR, LMBA and LMWA models (from left to right) 
through the mid-section through the contact force patch. Stresses in MPa.
Figure 4.8 shows that the local stress distribution in the proximal cancellous region on 
the medial (augmented) side of the model are broadly similar in the augmented models, 
but are different from the LTKR model.
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Figure 4.8: Contour plot of axial stresses in LTKR, LMBA and LMWA models (from left to right) 
through the mid-section through fins of the tibial insert showing stress levels in cancellous bone.
Stresses in MPa.
Figure 4.9 shows a larger region of low cancellous stresses (0 - 0.25 MPa) along the 
length of the stem on the medial side in the LMWA model compared to the other two 
models. This is mainly because the metal wedge allows the stress to diffuse more 
towards the cortical shell and hence shields the cancellous bone locally.
In Figure 4.9 the local stresses under the lateral contact patch (non-augmented side) in 
the cancellous bone are broadly similar. The augmented models show lower cancellous 
stresses on the medial side than the LTKR model, however all the three models show a 
similar stress pattern in the cancellous bone in the distal region, as expected. Section 4.3 
discusses the behaviour of the stresses in the cancellous bone region in further detail.
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Figure 4.9: Contour plot distribution of normal stresses in LTKR, LMBA and LMWA models 
(from left to right) through the mid-section through the contact force patch showing stress levels in
the cancellous bone. Stresses in MPa.
Figure 4.10 shows marker positions indicating distances from the base of the stem of the 
tibial insert. These markers are used to discuss the plots in the following sections of the 
chapter and also provide a reference in subsequent chapters. Table 4.1 lists the positions 
of the main marker items in Figure 4.10.
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Figure 4.10: Cross-sections markers in the FE models with explanations as in Table 4.1
32 The resectioned surface of tibial bone, just below the cement
26 The end of the augment.
13 The end of the fins of the implant
11 The beginning of the plastic butt or stem extension
00 The end of implant (without the stem)
-06 The end of the butt
Table 4.1: Key cross section locations in mm from the distal end of the stem
Figures 4.11 -  4.14 show the pereentage of load carried by each of the components at 
the various cross-sections shown in Figure 4.10 in the non-augmented and augmented 
LTKR models. The three legends on the graphs are fairly self-explanatory but details 
can be found in the Nomenclature section if necessary. Figure 4.11 considers the load in 
the cortical bone. The augmented models carry slightly more load in the cortical bone 
compared with the non-augmented model, from marker 26 until the end of the stem.
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This trend is reversed in the cancellous bone and implant stem, see Figures 4.12 and 
4.13 respectively.
Figure 4.12 shows that the stress is transferred from the cancellous bone more smoothly 
in the wedge augmented model. This can be attributed to the gradually increasing area 
of cancellous bone with increasing section depth. Figure 4.13 shows that the stem of the 
implant is shielded from the stresses more in the block augmented model than the 
wedge augmented model which in turn shields the stem more than the non-augmented 
model, and this difference is balanced by the stress transfer in the cortical bone as 
already discussed. Figure 4.11.
Figure 4.14, considering the load carried by the cement layer, shows the increase in load 
at the stem tip and it can be seen that there is a commensurate dip in the load carried by 
the cortical bone (Figure 4.11) and a rise in the cancellous stresses just after this as the 
load is transferred from the stem tip through the cancellous bone to the cortical bone.
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Figure 4.11: Load transfer in percentage in the cortical bone in LTKR, LMBA and LMWA
models^ .^
Suffix " 5050" means equal loads are applied on medial and lateral condyles.
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Figure 4,12: Load transfer in percentage in the cancellous bone in LTKR, LMBA and LMWA
models.
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Figure 4.13: Load transfer in percentage in the stem of the tibial insert LTKR, LMBA and LMWA
models.
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Figure 4.14: Load transfer in percentage in the cement (adhesive) in LTKR, LMBA and LMWA
models.
4.3 Cancellous Bone
Figures 4.15-4.18 show the von Mises stress distribution in the cancellous bone region 
in the LTKR, LMBA and LMWA models on various sectioned views.
Figures 4.15 and 4.16 show that there are considerably lower stresses in the proximal 
cancellous bone on the augmented side of the models. There is also a high stress spot on 
the posterior-medial flank, due to the contact forces with the adjacent stem tip. The 
LTKR model shows symmetric stress distribution in the proximal region. The lateral 
(non-augmented) sides of the augmented models are broadly similar to the non- 
augmented model.
The lower stress distribution on the augmented side is mainly due to the augments 
having stiffer material properties and transferring the stresses to the cortical bone more 
rapidly than in the non-augmented model. Therefore the LMBA shows a lower stress
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distribution than the LMWA on the medial side of the neck regions^^, as shown in 
Figures 4.15 and 4.17. However, at about 2 mm below the augmented surface (marker 
24), the LMBA model shows higher stress levels than LMWA model as shown in 
Figure 4.16.
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Figure 4.15: Contour plot of the von Mises stresses in the cancellous bone regions of LTKR, LMBA 
and LMWA models (from left to right). Top-view
ODB: ftbpus/S t-and^rd  6.9*1 T ODB: I U i tA 00_ S0S0-3016;^ i l b  A B .q u s /S t.n d . ODb: U m n M H D b D d %  A W ayg/S undard  6.9
Figure 4.16: Contour plot of the von Mises stresses in the cancellous bone regions of LTKR, LMBA 
and LMWA models (from left to right). Transverse plane at 2mm below the block augment, at
Marker 24. Stresses in MPa.
The neck region is the part where the stem and the plate intersect in the tibia) tray. However, in the 
context o f cancellous bone, this region is the mating side that comes in contact with the "neck" o f the 
tibial tray.
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Figure 4.17 shows the stresses on a para-sagittal plane and Figure 4.18 show the stresses 
on a coronal plane. All show that the augmented models sustain much lower stresses in 
the augmented side. The LMWA model shows a smoother transition of stress 
distribution compared to the other models, but with larger low stress regions. However 
the LMBA model shows lower stress regions (dark blue) near the proximal end than in 
the LMWA model.
Clinical observations and bone adaptation studies (based on Frost’s and Prendergast’s 
bone modelling criteria discussed in Chapter 2) suggested that lower cancellous stresses 
may well be disadvantageous leading to quicker bone resorption, therefore it was 
necessary to quantify the volume of cancellous bone stresses in each of the models to 
compare the advantage of one type of augmented model over another and this is 
discussed in the following section.
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Figure 4.17: Contour plot of the von Mises stresses in the cancellous bone regions of LTKR, LMBA 
and LMWA models (from left to right). Stresses in MPa. Para sagittal plane.
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Figure 4.18: Contour plot of the von Mises stresses in the cancellous bone regions of LTKR, LMBA 
and LMWA models (from left to right). Coronal plane cross-section as in Figure 4.9
4.3.1 Volume of Cancellous Bone with Low Stress
In order to determine the effect of augments on potential cancellous bone resorption the 
volume of cancellous material having low stresses was measured in the augmented and 
non-augmented halves of the proximal tibia down to the marker line (0)^ "* in Figure 
4.10.
Data for cancellous bone remodelling in the published literature has been summarised in 
Chapter 2 (Table 2.4). Whilst there is some variation on the threshold values in use 
there are consistent trends. In this work the following zones have been defined for 
consideration of cancellous bone stresses (using a modulus value of 700 MPa to convert 
from strain to stress). Bone loss is assumed at stresses below 0.125 MPa, potential bone 
loss (or adaptive bone resorption) at stresses between 0.125 and 0.35 MPa. Above this 
stress threshold bone can be considered to be relatively stable (lazy zone) up to a stress 
of around 1.5 MPa at which level bone growth begins.
Table 4.2 shows the volume of cancellous bone in the proximal lateral and the proximal 
medial sides of all the models. The table lists the total volume in each of these sides, 
and the volume of cancellous bone below the bone loss threshold (von Mises stress less 
than 0.125 MPa) and potential bone loss threshold (von Mises stresses between 0.125-
End o f the implant.
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0.35 MPa). The FEA study of the non-resected tibia^^ showed that the stresses in the 
proximal region of the cancellous bone were higher than 0.4 MPa.
The LMBA model in Table 4.2 clearly shows a potentially larger volume of bone loss 
due to these low stress regions. There is not much difference in the low stress (stresses 
lower than 0.35 MPa) volumes on the non-augmented side of these models, however 
there is substantial jump in the low stress volume in the augmented side of the 
augmented models, and a marginally higher percentage volume in the LMBA model 
than in the LMWA model (41.6% compared to 40.1%).
■ H
LTKR-00-5050 6 mm^ 22 mm^
LM BA-00-5050 35 mm^ 107 mm^
LMWA-00-
5050
18 mm^ 100 mm^
LTKR-00-5050 3018 mm^ 2423 mm^
LM BA-00-5050 3522 mm^ 4558 mm^
LMWA-00-
5050
3257 mm^ 5405 mm^
LTKR-00-5050 16562 mm^ 14973 mm^
LM BA-00-5050 16562 mm^ 10957 mm^
LMWA-00-
5050
16562 mm^ 13464 mm^
Table 4.2: Volume of cancellous bone in the proximal lateral and proximal medial (augmented) 
sides of the LTKR, LMBA and LMWA models.
Appendix 1.
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4.4 Cortical Bone
Figure 4.19 shows contour plots of the von Mises stresses in the cortical bone. There 
were no particular differences in the augmented and non-augmented models except an 
increased region of very low stress at the resection step.
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Figure 4.19: Contour plot of the von Mises stresses in the cortical bone regions of LTKR, LMBA
and LMWA models (from left to right).
The contour plot of the axial stress distribution is shown in Figure 4.20 and no 
variations in stresses were observed in the cortical bone between the models. The region 
of tension and compression at the base in all models is caused by the bending of the 
proximal end towards the anterior-medial comer. The highest compressive stresses in 
the proximal half (physeal region and proximal diaphysis region) are around 20 MPa. 
Comparing the stresses with the allowables in Table 2.3 gives a factor of safety against 
static failure {Pacific Research Lab, 2007) of about 8. Under fatigue this puts the 
stresses at the estimated endurance limit (10^ cycles), and provides a factor of safety of 
approximately 3 for a fatigue limit of 10^  cycles {Carter, 1981; Caler and Carter, 1989; 
Choi and Goldstein, 1992). These allowables have been discussed in detail in Section 
2.5.2.2
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Figure 4.20: Contour plots of the axial stresses in the cortical bone regions of LTKR, LMBA and
LMWA models (from left to right)
4.5 Cement
Cement is one of the factors that can determine the stability of the overall arthroplasty. 
The failure of the cement can be catastrophic for the arthroplasty because (a) the debris 
and micro particles can infect in the joint; and (b) loosening and micro-motion can 
result in a loss of stability under load.
4.5.1 Axial Stress Distribution
Figure 4.21 shows the stresses in the cement in the axial direction. The highest stresses 
were in compression (between 10-12 MPa), and these maximum values are at about 
65% of the fatigue endurance limit (17 MPa, as discussed in Chapter 2, in Table 2.7). 
The highest stresses were observed at the periphery of the cement part, where the 
cement is compressed between the edges of the tibial insert and the cortical bone. The 
non-augmented side of all the three models show no differences in their stress 
distributions. The average compressive stresses on the medial side were lower in the
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augmented models. The peak stresses on the augmented side of the LTKR model are 
considerably higher as there was only partial overlap between the implant and cortical 
bone. In the resected models the cortical rim moves inwards and there is complete 
overlap with resulting lower stress.
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Figure 4,21: Contour plot of the axial stresses in the cement (adhesive) of LTKR, LMBA and
LMWA models (from left to right)
4.5.2 Principal Stress Distribution
The cement stresses in the last section are in the axial direction and thus the stresses 
considered above may not be the maximum compressive values. In order to assess this 
Figure 4.22 shows the minimum (most compressive) principal stresses in the cement. 
The stresses on the wedge face are greater than in Figure 4.21 but they are not as high as 
on the non-augmented side. Here the maximum stresses are slightly higher than in 
Figure 4.21, reaching nearly 80% of the endurance limit of the cement.
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Figure 4,22: Contour plot distribution of principal stresses in the cement (adhesive) of LTKR, 
LMBA and LMWA models (from left to right)
4.5.3 Shear Stress Distribution
Cement is weaker in shear than in compression. The shear stresses in the bone-cement 
and implant cement interfaces below the condylar regions were analysed in all three 
models. In order to view these shear stresses, two local co-ordinate systems were 
created: (a) “Shear Flat”, which covers the lateral and medial surfaces of the cement in 
the TKR and the lateral side of the augmented models, and (b) “Shear-23”, for the 
cement surfaces on the augmented side of the augmented models. Both coordinate 
systems have the XY plane parallel to the top surface of the cement layer with the X- 
axis pointing towards the posterior of the model, the Y-axis towards the augmented side 
and the Z-axis pointing normal (upwards) to the plane. Therefore, the stress S23 refers 
to the shear stress acting on the surface directed in a lateral-medial direction with a 
positive value indicating a shear in the medial direction.
Therefore, the two coordinate systems are the same for the augmented side of the block 
augmented model and thus either could have been used, providing the same stresses.
Figure 4.23 can be viewed to show the shear stresses on all parts of the model apart 
from the inclined face of the LMWA model. Figure 4.24 compares the shear stresses on 
the augmented side of the model.
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The non-augmented side in all the models consistently show similar patterns. The shear 
stress in the cement peaks at the medial and lateral peripheries and reduces inboard 
from the periphery. In these peaks the cement is being sheared towards the implant stem 
on the upper surface on both the non-augmented side (positive shear stress) and the non- 
augmented side (negative shear stress), see Figures 4.23 and 4.24.
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Figure 4.23: Contour plot of the shear stresses in the cement of LTKR, LMBA and LMWA models 
(from left to right) with top view and bottom view on the non-augmented side.^^
In Figure 4.24, the shear stresses of the augmented side of the LMBA and LTKR 
models were compared. As discussed above, the local CSYS was aligned with the 
augment’s surface, such that the X-axis is pointing posterior to the model, Y-axis 
pointing towards the augmented side and Z-axis pointing nonnal to the plane. Thus 
once again the shear stress S23 refers to the shear stress acting on the surface directed in 
the medial lateral direction. Intuitively one might expect that the shear stresses would be 
higher in the LMWA model due to a component of the applied load acting down the
■ Shear-Flat -  Shows the shear on the cement under the base of the tibial tray in TKR and non- 
augmented sides o f the block and wedge augmented models.
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slope of the wedge. However, the LMBA model shows a larger area with higher shear 
stress levels. This is because there are two competing causes of shear stress in the 
wedge augmented model which can be explained by referring to Figure 4.25.
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Figure 4.24: Contour plot of the shear stresses in the cement for LTKR, LMBA and LMWA models 
(from left to right) with top view and bottom view on the augmented side.^’
In Figure 4.25, consider images (a) and (b), the block augment is exerting a force F on 
bone. This downward force causes the bone and the implant to expand outwards due to 
a Poisson’s ratio effect. As the bone is less stiff than the implant it wants to expand 
more and this expansion is resisted by the implant. This resistance is applied through the 
cement shear stress which is directed towards the stem. In the case of the wedge 
augment Figure 4.25(c)-(d), due to the slope there is a component of force acting down
Shear-23 -  shows the shear stresses in the cement on the augmented side of the models.
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the plane (Fsin^ causing shear stresses (loading shear) acting in the opposite direction 
to the shear (%^  ) caused by expansion resistance. In the case of the wedge augment, the 
loading shear reduces the expansion shear producing overall shear stresses that are 
lower than in the block augment model. The tenu "reverse shear" has been defined to 
describe these competing shear stresses.
Expansion Expansion
Shear in Block Augmented Model Shear in Wedge Augmented Model
Figure 4.25: Schematic diagrams to explain the ‘reverse shear’ phenomenon.
The maximum shear stresses as shown in Figure 4.23 were around 3.5 MPa, about 70% 
of the endurance limit in shear (5 MPa, as discussed in Section 2.5).
4.6 Tibial Insert and Augments
Figure 4.26 shows the tibial insert von Mises stress distributions in the three models 
(LTKR, LMBA, LMWA). The peak von Mises stress exceeds 200 MPa in these models. 
However, these are due to an artefact in the meshing and do not represent the real peak
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stresses in the implants. The real peak value in all cases was found in around the region 
of 97 MPa (LTKR), 94 MPa (LMBA) and 92 MPa (LMWA). This has a factor of safety 
of around 1.5 on the fatigue endurance limit (10^ cycles) and considerably higher on 
static failure (compared with stress allowables in Table 2.5)
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Figure 4.26: Contour plot of the von Mises stress in the tibial implant in LTKR, LMBA and 
LMWA models respectively. Stresses in MPa.
The peak stress occurs at the neck of the implants where the fins connect to the base of 
the plate on the lateral (non-augmented side) and the stress distribution on the lateral 
(non-augmented) side is similar in all models. Observing the stress pattern on the 
medial (augmented) side, the implant in the LTKR models takes more load compared 
with the augmented models. This is due to the asymmetric nature of the augmented 
implants. In the augmented models the stiff augments have increased the bending 
stiffness of the implant on the medial side and transfer more load to the cortical bone.
The cut view though the stress plot in Figure 4.27 shows the direct stresses in the 
vertical direction. These show that the webs are in compression. The compression is 
reduced on the augmented side when augments are present (which stiffen the tray).
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Figure 4.27: Contour plot of the direct stresses in the Tibial Implant (left to right) LTKR, LMBA,
LMWA. Stresses in MPa.
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The von Mises stresses in the augments are shown in Figure 4.28. The stresses on the 
top surfaces were similar. The outer edges of the augments show the highest stress 
levels, these von-Mises stresses reach 16 MPa in LMBA and 20 MPa in LMWA models 
at the periphery where the load is being transferred to the cortical bone. Clearly the 
stresses in the augments are considerably less than in the tibial implant and thus this 
component is not likely to fail.
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Figure 4.28: Contour plot of the von Mises stresses in the augments of the assemblies on the inferior 
surface. (Left to right LMBA and LMWA, Stresses in MPa)
4.7 Discussion
Miyoshi et al. (2002) estimated overall maximum displacements in their model of 
around 0.74 mm, and an axial displacement at the posterior end of the middle sagittal 
plane at the resected bone level of around 0.07 mm, when loaded symmetrically with a 
load of 2000 N. This can be compared with the current study where the load was 3600 
N and the corresponding overall displacements were around 1.45 mm and the axial 
displacement at the posterior end of the middle sagittal plane was around 0.2 mm. The 
current model is expected to deform more, not only because the load was higher but 
also because the tibial shaft was longer.
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Compléta et al (2008b) found the distribution of load between cortical bone, cancellous 
bone and stem just below the resected surface to be 53%, 23% and 24%. In the current 
study the load distribution was found to be of similar ratio (51%, 18% and 28% 
respectively), and falling within the deviation of 10-14% as observed by Complete et al. 
(2007) between experimental and computational models. The stem length used in 
cemented model by Complete et al. (2007, 2008a, 2008b) was longer than the stem in 
the current work and their loading was not symmetric. However a later chapter 
(Chapter 6) shows that the effect on the relative load distribution at the proximal end of 
the construct, due to the variation of the stem length and unsymmetrical loading, is 
small.
When compared to Kusz et al (2008^^) the bone and implant von Mises stresses in the 
TKR models were consistent in; (a) the calculated stresses in the bone and implant were 
not found high enough to lead fracture or failure; (b) stress accumulation at the junction 
of metaphysis and diaphysis in the cancellous bone (stresses higher than 1.5 MPa, as 
seen in Figure 4.17); and (c) reduction of stresses in the proximal cancellous bone when 
compared to non-resected tibia^^ (see Appendix A for stresses in intact bone), due to the 
use of implants.
Further it should be noted that the use of heterogeneous bone material properties for 
cancellous bone will increase the stresses in the cortical bone, and reduce the stresses in 
the cancellous bone {Au et al, 2005) as the stress will diffuse towards the stiffer 
material. Murase et al, (1982), found that the maximum principal stresses were 
predicted where the trabecular bone was densest
4.8 Conclusion
The stresses in the cancellous bone (on the augmented side in particular) were shown to 
be reduced when compared with the non-augmented model, and thus may be more 
susceptible to bone loss. Taylor and Tanner (1997) suggested failure of the cancellous
Kusz et at, (2008) applied symmetrical and asymmetrical 4000 N loads in a parametric study of varus 
and valgus alignment of TKR.
Point (c) was also seen with Au et al (2005).
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bone in particular as a possible cause of migration and loosening, dependent on design 
of prosthesis and type of fixation.
The different cancellous bone stress plots show that the block augmented model is more 
favourable than the wedge model in terms of the overall stresses in cancellous bone 
which should support bone retention following bone re-modelling (Section 4.3 and 
Table 4.2). The quantity of bone in the low stress (less than 0.35 MPa) region was found 
higher in the wedge augmented model, however when expressing the volume as a 
percentage of the total cancellous bone it was only marginally lower than the block 
augmented model. Further, the quantity of bone in the very low stress (less than 0.125 
MPa) region was found higher in the block augmented region. Certainly both 
augmented models have relatively larger regions of low stresses than the non- 
augmented model, and block augmented model is more prone to bone loss then wedge 
augmented model.
The shear stresses in the cement are lower in wedge augmented model which allows 
better stability and less risk of cement failure. Therefore out of the two augmented 
models considered in this chapter, the wedge augmented model was found favourable 
over the block augmented model.
Considering load transfer through the model it was found that augmentation decreased 
the load in the implant slightly (by up to about 10%) with commensurately small 
increases in the load in the cortical bone.
Considering the stresses in the other components it was found that the cortical bone was 
operating at around the endurance limit (10^ cycles) but with a factor of safety of about 
8 on the static strength of the bone. However, in Chapter 2 it was decided to use an 
endurance limit of 10  ^ for cortical bone as this was consistent with current reported 
practice. The factory of safety on this lower fatigue life was found to be about 3. The 
cement was shown to have a factor of safety of around 1.25 on the fatigue endurance 
limit (10^ cycles), followed by the implant itself with a factor of safety of about 1.5 on 
the same fatigue endurance limit.
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5 Stem Interaction Assessment
The interaction refers to the interaction of the stem extension and the cancellous bone. 
There are various ways of modelling this, the two most common being completely tied 
or with a frictional contact. On the basis of the literature review it is understood that the 
former is more appropriate for cemented extensions while the latter is better for press fit 
extensions. Given that press fit extensions are being considered in this research then the 
frictional contact will be used. However it was felt that a comparison of the two 
techniques would inform the research and this forms the basis of this chapter.
As stated above, this assessment has been deemed necessary to understand how 
different ways of modelling this interaction influenced transfer of load through the 
various components and hence the influence on the stress distributions. This interaction 
study leads to a better understanding of the mechanics of load transfer between the 
implant and the bone. This chapter begins with a simple 2D model to aid understanding 
and then compares various interaction combinations between the tibial implant stem and 
extension and the adjacent bone in the full 3D model. These interactions include tied 
constraints, frictional contact and a combination of tied constraints (on the stem) and 
frictional contact (on the extension).
5.1 Introduction
The assemblies discussed in previous chapters were modelled with tied constraints 
between all parts, for the following reasons:
(i) The cancellous bone is physically attached to cortical bone;
(ii) The bone and implant are attached to each other using cement;
(iii) The augments and stem extensions are screwed onto the tibial insert;
(iv) The bearing is fixed within the tibial insert.
However, in a clinical context, the stem extensions being modelled in this study are 
often not attached to the bone using cement. Therefore the load transfer will differ due 
to the relative degree of freedom between the contact surfaces of the stem and the 
cancellous bone.
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5.2 Simple 2D Modelling
Simple but representative 2D models with two different interaction behaviours between 
the surfaces of the two parts have been analysed, as shown in Figure 5.1. These models 
are highly simplified versions of the TKA and have implant, cement, cancellous and 
cortical bone regions. They are fully fixed at the distal end and have a pressure applied 
on the upper “implant” surface.
The two contact behaviours were a) tied constraints and b) sliding contact^®. A 
coefficient of friction of 0.25 was taken based on previous studies of Sawatari et al. 
(2005) and Taylor M. et al. (1995, 1998). The friction allowed some form of resistance 
to the movement between the stem and the bone, rather than having infinite resistance 
(due to tied constraints) or no resistance (due to frictionless contact). It is not possible to 
state with certainty the frictional forces acting between the surfaces. Due to this 
uncertainty it was decided to use static friction only and not to increase the complexity 
by having a kinetic friction as well. A detailed study of friction was outside the scope of 
this research, however the current model could be adapted for future research in this 
area.
Figure 5.1 shows the von Mises stresses in the complete assembly whilst Figure 5.2 
shows the von Mises stresses in the cancellous bone only. In the cancellous bone, the 
proximal stresses were about 2-2.5 times higher in the same region when using the 
contact condition, (as shown in Figure 5.2) as the stress shielding effect was accentuated 
in the tied constraint condition, with far more load being transferred along the length of 
the stem and so commensurably less through the proximal cancellous region. The 
pattern of stress distribution at the base of the extension was found to be similar but of 
greater magnitude in the sliding contact model. This is because the stem transfers much 
less load along its length in the contact model than the tied model and thus more load is 
transferred at the top and at the base. In the proximal region the low stress region of the 
contact model was much smaller than the tie-constraint condition. Again, this is because
Sliding contact differs from a tied constraint, because in sliding contact the bond between two surfaces 
depends on the friction, and the surfaces transfer load only if there is any contact. However, in a tied 
constraint, the surfaces are fully fixed together and there is no scope for surface separation.
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less load is transferred along the stem resulting in higher loads carried at the distal and 
proximal ends. (Figure 5.2)
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Figure 5.1: Von Mises contour plot of 2D representative model with implant, cement and cancellous 
and cortical bone material properties. Left represents the model with Tie constraints while the 
right model represents the model with sliding contact.
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Figure 5.2: Von Mises contour plot for the cancellous bone. Left represents the model with Tie 
constraint while the right model represents the model with the sliding contact.
5.3 Three Dimensional TKR Models
In this study two LTKR models were considered, one with no stem extension 
(LTKROO) and the other with a 60 mm stem extension (LTKR60). The LTKROO models 
were used to see the pattern and help interpret the results from the different ‘stem 
extension-to-bone’ interaction properties used in the LTKR60 models. The range of 
models analysed are as shown in Table 5.1, one interaction was used in the LTKROO 
and two were used in the LTKR60. The contact was created linking a) the base of the 
tibial tray and stem to the cement and b) the stem extension to the bone in the medullary 
canal. The aim was to identify the effect of the different interaction properties used on 
the stem extension. Figure 5.3 -  5.5 show the total forces through the cross section of 
cortical bone, implant and cancellous bone respectively for the different interaction 
combinations considered. The zero on the X-axis corresponds to the point where stem 
extension begins and the Y-axis intersection on the X-axis occurs at "Marker 32” (as 
shown in Figure 4.10).
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LTKROO Tied - ImplantTied CoticalTied CanTied
Tied Tied Implant60Tied Cortical60Tied Can60Tied
LTKR60
Tied Contact Implant60T+C Cortical60T+C Can60T+C
Table 5.1: Details of the interactions used with the LTKR models with and without stem extensions.
It can be seen that the LTKR60 model with both the tibial insert and the stem extension 
tied showed high stress shielding in bone (Figures 5.3 and 5.4) due to the implant 
carrying a high level of the load (Figure 5.5) which it gradually transfers to the cortical 
bone over the last 30 mm of the extension. This is clinically inadvisable, because of all 
configurations considered this condition will result in the greatest rate of proximal bone 
resorption and is a clear indication that it is inappropriate to cement the stem extension 
to the adjacent bone.
For the LTKR60 model with the Tibial insert Tied and the extension in Contact, the 
stress in the bone and implant carry similar loads in the proximal region to the LTKR 
model, and in distal region the cortical bone (Figure 5.3) is carrying less load which is 
balanced by the load in the stem extension (Figure 5.5).
Therefore, for stem extensions the combination of Tied (tibial insert) and Sliding- 
Contact (stem extension) interaction property was identified as a better approach. 
Further, it appears to best represent the situation that is being considered, i.e. a 
cemented implant and central post, and uncemented stem extension.
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Figure 5.3: Plot of total force in cortical bone at different cross-sections as shown in Figure 4.10.
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Figure 5.4: Plot of total force in cancellous bone at different cross-sections as shown in Figure 4.10.
5-6
5 Stem Interaction Assessment
1200
1000 [mplant60Tied
u, 800co
Iz 600
c
Implantllei%
3 400
200
16 -8632 24 8 0 ■8 -22 -70-38 -54
■lmplant60Tied
Distance in mm
 lmplant60T+C •ImplantTied
Figure 5.5: Plot of total force in implant at different cross-sections as shown in Figure 4.10
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5.4 Discussion and Conclusion
Various contact interaction scenarios between the implant and the bone were analysed 
in order to understand the effect of different types of contact interaction between the 
stem, the extension and the bone. Rawlinson et al. (2005) have used a coefficient of 
friction of 0.5 in a 3D FEA study based on the 2D computational study of 
Rakotomanana et a l (1992), where Rakotomanana et a l explicitly states that the basic 
experiments in 1970s showed a range of coefficients ranging from 0.2 to 0.65 and 
overlooked the study in 3D models. Au et al (2008) have used the frictional coefficients 
of 0.3 between the bone and implant, based on a femoral osseointegration study by 
Viceconti et a l (2000), where Vicecontiet a l used frictional coefficients of 0.2 and 0.3 
as part of the parametric study to predict the level of micro-motion. They concluded that 
even though the values of the friction coefficient in the FE models show comparable 
micro-movements to in-vitro data, a large variation can occur and there is no unique 
particular set of parameters to use. The friction coefficient and boundary conditions 
used in the thesis are part of parametric study which should show relative differences 
between models even if there is some uncertainty in the absolute results. Hence .better 
frictional and contact properties should provide a better absolute outcome, but the 
relative difference should remain consistent. A detailed study to determine the friction 
coefficient is beyond the scope of this thesis.
From a clinical perspective, and based on the work reported here, the model with a 
cemented stem extension showed a significantly greater degree of stress shielding in 
bone compared to the cementless stem extension. Similar results were reported in the 
detailed parametric study of Completo and colleagues {Compléta et al, 2008a). The 
results show that if there is no impending need to cement the stem extension due to lack 
of bone stock, uncemented stem extensions should be used. Furthermore, uncemented 
stem extensions allow better access in case of revision or subsequent surgery.
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6 Non-Augmented TKR with Stem Extension and 
Asymmetric Loading
The treatment of Type-II defects in the tibia using augments but without any stem 
extensions and assuming symmetric condylar loading was explained in Chapter 4. 
However, in Chapter 2 it was shown that condylar loading is not always symmetric and 
that extensions can be used with augments. In order to understand the stability of tibial 
components in the total knee replacement, the effect of stem-extension and variation in 
load distribution on the lateral and medial condyles, on the stability of the tibial tray 
with an AORI Type-1 defect is considered in this chapter.
Figure 6.1 shows a section through the LTKR models with stem extensions of 15 mm 
(LTKR 15), 60 mm (LTKR60) or without stem extensions (LTKROO). As explained in 
Chapter 4, the revision tray is plugged with the Polyethylene Butt to cap the orifice at 
the bottom of the tray when the tibial insert is implanted without the stem-extension. 
The mantle around the tibial insert shows the cement. As in previous models this has 
tied-contact with the adjacent bone. The stem-extension is constrained to its adjacent 
bone using sliding contact. The following chapters will discuss similar scenarios in 
wedge and block augmented models.
Figure 6.1: Wire frame view of TKR models illustrating the no stem extension, 15mm stem 
extension and 60 mm stem extension.
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Figure 6.2(a) shows the location of the Cartesian local co-ordinate systems CSYS-1 and 
Figure 6.2(b) the coordinate system “Shear-Flat” as explained in Chapter 4. Figure 6.3 
shows the location of planes where the TKR models are sectioned, highlighting the 
plane passing through the fins of the tibial insert (section plane 1, SPl) which is also the 
YZ plane of CSYS-1 and SP2 is 7.5mm posterior to SPl which cuts through the middle 
of the contact patches on both condyles. The interaction between the parts and general 
boundary conditions were discussed in Chapters 3-5. The primary load variations 
considered are 50-50 and 70-30 load distribution on the medial-lateral eondyles for 
LTKROO (LTKROO-5050 and LTKROO-7030 respectively)^' and similarly for LTKR15 
and LTKR60 models. However other degrees of asymmetry in the loading have also 
been considered initially.
(a) (b)
Figure 6.2: (a) Transformed Cartesian Co-ordinate System (CSYS-1) with respect to the tibial 
component and (b) “Shear-Flat” coordinate system with respect to the cement mantle as explained
Chapter 4.
-5050 signifies symmetric (equal) loads on the medial and lateral condyles. -  7030 signifies 
asymmetric loads on the medial and lateral condyles with 70% on medial side.
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SP2 S P l
Figure 6.3: Location of section planes 1 and 2 (SPl, SP2).
6.1 Displacement
The overall deformation was consistent in all the models, see Table 6.1. As discussed in 
Chapter 4, the system exhibited movement towards the anterior-medial direction. The 
magnitude of displacement increased medially with increasing asymmetric load 
distribution, as shown in Table 6.1. In the LTKROO, the distal end of the tibial insert is 
constrained using cement which is tied to the surrounding cancellous bone compared to 
the extension models, where the distal end is not tied. The displacement in LTKR 15 and 
LTKR30 was broadly similar under similar load conditions, mainly because the stem 
extension made the contact with the bone only at the tip of the stem over a very small 
surface area. However, in LTKR60 models there was resistance from the bone on the 
medial side of the stem where the stem made contact with the bone and the full tip made 
the contact with the bone, as shown in Figure 6.4.Therefore, for further investigation, 
six scenarios were considered (LTKROO, LTKR 15 and LTKR60 with symmetric (50- 
50) and asymmetric (70-30) medial daterai load distribution, as shown in Table 6.1.
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Figure 6.4: Showing the contact condition in LTKR15, LTKR30 and LTKR60 models. (Left to 
right; and models not to scale). These figures illustrate the medial side and the bottom view of the
tibial insert components.
Stem
Lenath
Medial - Lateral Load Distribution
1.45 ! 2.96 4.68 6.43
1.47 2.99 4.70 6.46
1.47 1 2.98 4.69 6.44
1.45 2.87 4.50 6.17
Table 6.1: Magnitude of displacement for symmetric and asymmetric load distribution in LTKR 
models with or without stem-extensions. (Displacement in mm).
Figure 6.5 illustrates that asymmetric loading increases the bending towards the medial 
side. The direction of bending shifts from 36® to 18° anterior of medial in LTKR 15 due 
to loading shift from 5050 to 7030 load distribution. The contour plot shows the vertical 
displacement in the TKR15 models.
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Figure 6.5: Contour plot of axial displacement in LTKR15 models with 50-50 and 70-30 (Medial- 
Lateral) load distribution, with tilt towards the medial side. Bottom figures show the direction of
the overall tilt. (Displacement in mm).
Table 6.2 shows that the stem extension does not have any noticeable effect on 
displacement in anterior-posterior direction, being less than 5%. However, the LTKR15 
model displaces more medially than LTKROO and LTKR60 displaces least. The 
increase in displacement of LTKR15, when compared with LTKROO, was due to the 
greater degree of freedom at the base of the stem which makes the system less stiff.
Direction »
Stem
Length
Anterior-Posterior Medial-Lateral
Medial - Lateral Load Distribution
7030 5050 7030
00 mm 
15 
60
-1.27 mm -2.13 mm 0.69 mm 4.17 mm
-1.28 mm -2.14 mm 0.72 mm 4.20 mm
-1.28 mm -2.07 mm 0.68 mm 4.01 mm
Table 6.2: Displacement (in mm) in anterior-posterior and medial-lateral directions for LTKR 
models with or without stem-extensions and symmetric and asymmetric loading.
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Table 6.3 shows the axial displacement of the lateral and medial sides of the bearing. 
The displacements suggest that in symmetric loading there was no effect of stem 
extension, however in asymmetric loading LTKR 15 was bending more than LTKR60.
Stem
Length
Medial ■- Lateral Load Distribution
0.29 mm “0.28 mm 1.28 mm -0.98 mm
0.30 mm -0.29 mm 1.28 mm -1.12 mm
0.30 mm -0.27 mm 1.20 mm -1.04 mm
Lateral Medial Lateral Medial
Table 6.3: Displacement (in mm) in axial direction for LTKR models with or without stem- 
extensions and symmetric and asymmetric loading.
6.2 Axial Stress Distribution and Load Transfer
The reaction force found in the LTKR models in the axial direction of local co-ordinate 
system (CSYS-1) was 3586N. Figures 6.6-6.7 show a cut view of the axial stress 
distribution in these models at SPl. The stress distribution in all the LTKR models was 
generally found to be consistent for the same load distribution, with some exceptions.
In LTKR models with symmetric loading (Figure 6.6), the stresses in the implant are 
broadly similar on the medial and lateral sides, with the exception of the stem extension 
in LTKR60, where the medial side of stem is more compressive than the lateral side due 
to bending. The stresses in the bearing are symmetrically distributed. The normal 
stresses in the cortical bone were found to be broadly similar in LTKROO and LTKR 15 
models. The cortical bone stress distribution in the epiphysis region of LTKR60 was 
similar with the other two models, however it was reduced (compared with the other 2 
models) further down the length of the tibia. An increase of compressive stress was 
noticed in the cancellous bone below the tip of the stems, which increased with 
increasing stem length. Comparing LTKROO and LTKR 15, there was an increase in 
compressive stresses in the cement mantle due to the different fixation technique. 
Further, with increasing stem extension length there was a decrease in the stresses in the 
cement mantle.
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Figure 6.6: Contour plot of the axial stresses in LTKROO, LTKR15 and LTKR60 models (from left 
to right) with symmetric load distribution, through the mid-section through the fins of the tibial 
insert. (SPl in Figure 7.3, stresses in MPa)
In LTKR models with asymmetric loading (Figure 6.7), the stresses on the medial side 
of the tibial insert were higher than the lateral side due to the 70:30 medial:lateral load 
distribution. The stresses in the fins of the tibial insert were broadly similar for the all 
stem lengths. The medial side of the stem was in compression and lateral side in 
tension, and this increased with increasing length of the stem. The stresses in the 
bearing were consistent in all the models with compression under the condylar surfaces 
proportional to the load applied. Stress shielding was observed in the cancellous bone 
on the medial side, which increased with the length of the stem extension. Cancellous 
bone and cortical bone were found to be in tension below the epiphysis region on the 
lateral side, due to the bending. The stresses in the cement mantle were affected by the 
bending with higher compression on the medial side, and tension in the metaphysis 
region and the effect of the stem extension was similar to the LTK5050 models.
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Figure 6.7: Contour plot of the axial stresses in LTKROO, LTKR15 and LTKR60 models (from left 
to right) with asymmetric load distribution (70:30 MediahLateral), through SPl, (stresses in MPa)
Figures 6.8 -  6.11 show the percentage of load carried by each of the components 
across the cross-sections shown in Figure 4.10 in the symmetric and asymmetric LTKR 
models. Figure 6.8 shows that the load transfer in cortical bone reduces with increasing 
stem-extension length. However there was no effect of asymmetric loading on load 
transfer in the cortical bone. LTKROO was found to carry a marginally lower load than 
LTKR 15 model due to different fixation technique at the bottom of the stem. A similar 
trend was found in the cancellous bone (Figure 6.9) which was balanced by higher loads 
being carried by the stem as shown in Figure 6.10.
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Figure 6.9 shows that load transfer in the cancellous bone reduces smoothly with 
reduction in cross-section area of the cancellous bone. There was an increase in load 
transfer at “Marker 0”^^  due to the increase in the cancellous bone cross-section as the 
stem ends. The stress shedding from the tip of the stem (as shown in Figures 6.6 and 
6.7) increases the load transfer through the cancellous bone. This stress is eventually 
off-loaded to the cortical bone.
100%
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65%
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55%
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45%
40%
M  VO
Tibial Insert Stem Extension
■ LTKROO-5050
V ertical TKR le n g th  in (m m ) w .r.t. t h e  Transverse P la n e  (CSYS-1) 
LTKROO-7030-------LTKR15-5050 — LTK R15-7030------ LTKR60-5050 —»-L T K R 60-7030
Figure 6.8: Load transfer in the cortical bone in the LTKR models.
Maker 0 -  is the plane of the base of the stem o f the tibia) tray as illustrated in chapter 5.
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Figure 6.9: Load transfer in the cancellous bone in the LTKR models.
Figure 6.10 shows that the load transfer in the stem in the LTKROO and LTKR 15 
models was unaffected by the asymmetric loading. The load transfer reduced in the 
LTRK60 model at the distal end of the stem with asymmetric loading and this was 
balanced by an increase in the cortical bone.
Figure 6.11, considering the load carried by the cement layer, shows an increase in load 
at the stem tip and it can be seen that there is a commensurate dip in the load carried by 
the cortical bone (Figure 6.8) and a rise in the cancellous stresses just after this as the 
load is transferred from the stem tip through the cancellous bone to the cortical bone. 
The load transfer in cement was broadly similar in all models.
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Figure 6.10: Load transfer in the stem of the LTKR models.
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Figure 6.11: Load transfer in the cement in the LTKR models.
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6.3 Cancellous Bone
Figures 6.12-6.15 show the von Mises stress distribution in the cancellous bone region 
in the LTKR models. The stress region 0-0.125 MPa marks the region of bone 
resorption in cancellous bone and 0.125-0.35MPa marks the region of adaptive bone 
resorption in these figures (as explained in section 4.3). Table 6.4 summarises the 
volume of cancellous bone prone to this bone resorption in each model.
Figure 6.12, shows the top view and the posterior view of the LTKR models with stem 
extensions of 0, 15 and 60 mm under symmetric loading. The stresses were broadly 
similar with symmetric lateral and medial stresses. When LTKROO and LTKR 15 were 
compared, there was marginal increase in stresses near the neck due to less resistance at 
the base of the stem-extension and this resulted in an increase of stresses in the proximal 
region. With an increase of stem length from 15 mm to 60mm the stresses decreased 
marginally. There was also an increase in stresses at the tip of stem in LTKR60 model 
(Figure 6.12c).
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Figure 6.12: Contour plot of the von Mises stresses in the cancellous bone for symmetrically loaded 
LTKR models with no-stem-extension, 15mm and 60mm. (from left to right). Top-view and
posterior views. (Stresses in MPa)
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Figure 6.13 shows the top view and the posterior view of the LTKR models under 
asymmetric loading (70%:30% medial daterai load distribution). There was an expected 
increase in proximal stresses on the medial side compared to the symmetrically loaded 
models. In the proximal region of the tibia in LTKR60-7030 model, on the lateral side 
there was a larger reduction in stresses than the other two models.
Figure 6.14 shows these observations in more detail, where under symmetric loading 
(6.14-a, b, c), the stress on the proximal lateral side reduces with increasing length of 
the stem and the stresses in the “pimple” region at the end of the tip increase with 
increasing length of the stem. Due to asymmetrical loading (6.14-d, e, f), there was a 
further reduction in stresses and an increase in the size of the “pimple” due to a stress 
concentration. However the pimple shifted from the medial to lateral side due to the 
increase in stem length and the unsymmetrical loading.
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Figure 6.13: Contour plot of von Mises stresses in the cancellous bone regions of asymmetrically 
loaded LTKR models with no-stem-extension, 15mm and 60mm. (from left to right). Top-view and
posterior views. (Stresses in MPa)
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Figure 6.14: Contour plot of the von Mises stresses in the cancellous bone regions LTKR models 
Lateral and Medial sides.. (Stresses in MPa) (A: LTKROO-5050, B: LTKRl5-5050, C: LTKR60- 
5050, D: LTKROO-7030, E: LTKRl5-7030, F: LTKR60-7030).
Figure 6.15 shows the extent of low stress regions (below 0.35 MPa), and shows that 
the lateral side is more prone to bone loss and that this is greatly increased under 
asymmetric loading.
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Figure 6.15: Contour plot of von Mises stresses in the cancellous bone regions of LTKR models.
Top row symmetrical loading and bottom row unsymmetrical loading. From Left to Right: no 
stem-extension,15mm and 60 mm. View Cut at SPl. Stresses in MPa.
The effect of the stem-extension and asymmetrical loading can be measured in ternis of 
the volume of cancellous bone falling in the bone loss and potential bone loss 
thresholds, summarised in Table 6.4. Table 6.4(A) lists the volume of bone within the 
following von Mises stress zones 0-0.125 MPa and 0.125 -  0.35 MPa for symmetric and 
asymmetric loading separately. Table 6.4(B) lists the worst case volume of bone in 
these zones considering both symmetric and asymmetric loading. The volume prone to 
adaptive (potential) bone loss increased by approximately 20% for the 60 mm stem 
extension. The volumetric assessment also highlights the need to study the effect of 
asymmetrical loading on bone loss, as the volume of bone prone to adaptive bone loss
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in LTKR-15 under asymmetric loading was twice that in the symmetrically loaded 
models. This difference reduced to a 20% increase in volume for LTKR-60.
A
LTKR-00-5050 6mm^ 22 mm^ 2968  mm^ 23 8 3  mm^
LTKR-15-5050 25 mm^ 24 mm^ 2226  mm^ 1534  mm^
LTKR-60-5050 8 mm^ 13 mm^ 49 7 4  mm^ 3 0 4 6  mm^
LTKR-00-7030 98 mm^ 0 mm^ 7136  mm^ 643 mm^
LTKR-15-7030 105 mm^ 0 mm^ 7316  mm^ 529  mm^
LTKR-60-7030 86 mm^ 0 mm^ 8511  mm^ 799  mm^
BONE LOSS ADAPTIVE BONE LOSS
B
LTKROO 98  mm^ 22 mm^ 7136  mm^ 2383  mm^
LTKR-15 105 mm^ 24 mm^ 7316  mm^ 15 3 4  mm^
LTKR-60 86  mm^ 13 mm^ 8511 mm^ 30 4 6  mm^
Table 6.4: (A) Volume of cancellous bone on proximal lateral and medial (augmented) sides of the 
LTKR models. (B) Maximum volume prone to bone loss over the range of loading in proximal tibia.
The increase in the volume of regions with low cancellous stress, as shown above, is 
consistent with previous studies where use of a stem resulted in a decrease in stresses in 
the proximal bone (Rawlinson et al, 2005; Compléta et al, 2008a) or a reduction in 
bone quality when evaluated in clinical studies {Patel et al, 2004; Munro et al, 2010). 
The marginal decrease in the volume of the region with low stress cancellous bone 
between cemented standard stem (LTKROO) and the short uncemented stem extension 
(LTKRl 5) was also noted in the stem fixation study by Completo et al (2008a).
6.4 Cortical Bone
Figure 6.16 shows the contour plot of the von Mises stresses in the cortical bone. There 
were no particular differences due to the increase in stem extension length, except a 
marginal increase in the low stresses in the metaphysis region (posterior) when 
symmetrically loaded. In the asymmetrically loaded models there was a decrease in the 
low stress region on the anterior rib compared to the equivalent symmetric model. Also, 
due to the asymmetric loading, the stresses on the medial side of the proximal region
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increased and reduced on the lateral proximal side. However, these stresses were 
essentially unchanged when the stem extension was added. The stresses at the distal end 
are tension and compression due to bending, as seen in Figure 6.7.
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Figure 6.16: Contour plot of the von Mises stresses in the cortical bone regions of LTKROO-5050, 
LTKR60-5050, LTKR60-7030, LTKROO-7030 models (Top corner - clockwise). Stresses in MPa.
Figure 6.17 shows the contour plot of the axial stresses in the non-augmented TKR 
models without and with 60 mm stem extension. When comparing the proximal region 
of the tibia (as shown in the Figure alongside Table 2.4), the factor of safety (FoS) for 
the fatigue endurance limit (60MPa at 10^  cycles) decreased from nearly 3 to 1.5 due to 
asymmetric loading in the LTKROO model. While comparing the effect of the stem 
extension in the symmetrically loaded models, the FoS improved to nearly 5 with the 60
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mm stem extension. There was no particular difference when only the asymmetrically 
loaded models were compared. These showed the same FoS of 1.5 in the TKR models 
with or without the 60 mm stem extension in the proximal region^^ of the cortical bone.
However, on the medial side in the proximal diaphyseal region the compressive load 
shifted distally, increasing the FoS in the non-augmented TKR model from nearly 0.8 to 
1.5 with the use of 60mm stem extension. The stem extension made LTKR60 more 
rigid compared to standard TKR (LTKROO) as is evident from the displacements 
reported in Section 6.1. This reduces the axial stresses in the cortical bone caused by 
bending.
A factor of safety of 0.8 against fatigue, in the cortical bone, in the asymmetrically 
loaded standard TKR may not necessarily be a disadvantage, a high FoS can also be 
seen as stress shielding. The stresses have to be considered with respect to the bone 
quality and bone formation rate. Bone healing is quicker in the younger population than 
the elderly population. Bone being a natural material heals every day; therefore a FoS 
for the fatigue endurance limit should be viewed carefully. Carter et al, (1981) and 
colleagues {Caler and Carter., 1989) have estimated the microstrain for rigorous 
activity to lie between 4000 -  6000, which is approximately equivalent to 10^  cycles in 
terms of cortical bone endurance limit, and equates to 6 8 -  102 MPa. Further, the thick 
cortex will lower the stresses for the same level of loads. Therefore, an axial 
compressive stresses of 80 MPa for healthy bone, for short bursts of rigorous activity, 
would be in the safe range for healthy bone. However, the same axial stresses in an 
elderly patient may have adverse effects, such has bone formation and remodelling with 
respect to the quality of the bone or the thickness of cortical bone, and a stem extension 
may be appropriate.
Proximal region is shown previously, in the Figure alongside Table 4.2.
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Figure 6.17: Contour plot of the axial stresses in the cortical bone regions of (a) LTKROO-5050, (b) 
LTKROO-7030, (c) LTKR60-5050, (d) LTKR60-7030. (From left to right) Stresses in MPa.
6.5 Cement
Figure 6.18 shows the stresses in the cement in the axial direction. The highest stresses 
were in compression, and the maximum values increased from about 60% to 95% of the 
endurance limit (see Table 2.7) with an increase in asymmetry of loading to 70:30 
medial:lateral. A localised peak stress of 3 MPa over the endurance limit was noticed at 
the edge of the upper surface on the medial side, however these extreme peaks were an 
artefact of the sharp cement comer and were not included in the percentage of the 
endurance limit cited above.
The highest stresses were observed at the periphery of the cement part, where the 
cement is compressed between the edges of the tibial insert and cortical bone. There 
was no particular difference in the axial stresses when adding a stem extension for 
either the symmetric or asymmetric loading cases.
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Figure 6.18: Contour plot distribution of normal stresses in the cement (adhesive) of LTKR models 
in symmetrically (top) and asymmetrically (bottom) loaded models with no stem extension (left) 
and 60 mm stem extension (right). Stresses in MPa.
Figure 6.19 shows the shear stresses in the cement (using CSYS Shear-Flat). There was 
no particular difference in the shear stresses when adding a stem extension. The stresses 
on the lateral side reduced by 50% due to asymmetrical loading and increased by 33% 
on the medial side.
The peak shear stresses were increased from 15% to 20% of the ultimate static shear 
strength, and from 50% to 75% of the estimated endurance limit in shear when the 
loading became asymmetric.
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Figure 6.19: Contour plot of the cement shear stresses in symmetrically (top) and asymmetrically 
(bottom) loaded LTKR models with no stem extension (left) and 60 mm stem extension (right).
Stresses in MPa.
6.6 Tibial Insert
Figure 6.20 shows the von Mises stress distributions in the LTKR models. The peak 
occurs at the neck of the implant where the fins connect to the base of the tray. The 
average stresses on the medial side increased, and decreased on the lateral side as the 
load distribution shifted from 50:50 to 70:30. The stresses in the stem increased with the 
shift in load distribution due to the bending seen in Figure 6.7, with the lateral side in 
tension and medial side in compression.
The real peak value was around 97 MPa (symmetrically loaded LTKR models) and 126 
MPa (asymmetrically loaded LTKR models). The factor of safety on the fatigue limit 
(Table 2.5) was reduced from 1.5 to 1.2 with increasing asymmetry of the load. There 
was no particular effect due to the stem extension.
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Figure 6.20: Contour plot of the von Mises stresses in the tibial insert in symmetrically (left) and 
asymmetrically (right) loaded LTKR models with no stem extension (top) and 60 mm stem 
extension (bottom). Stresses in MPa.
6.7 Discussion and Conclusion
The stresses in the cancellous bone (on the lateral side in particular) reduce with 
increasing stem-extension length. This was consistent with clinical observations 
(showing reduced bone quality). Validation studies by Completo and colleagues 
{Compléta et al. 2008a, 2009) have shown a reduction in bone strain with an implant 
compared to intact tibia. They found that the effect increased with increasing stem 
length and this is consistent with the load-transfer plots for bone (Figures 6.8 and 6.9) 
and the intact tibia study (Appendix 1). The stresses in the cortical bone reduced with 
increasing length of the stem extension, with an increase in stresses at the tip of the 
stem.
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This study also highlighted that there is a danger in drawing conclusions based only on 
one load condition. Therefore, to understand the physiology of bone remodelling, more 
than one loading condition should be studied.
Load transfer and stress was consistent in the cement in all the models, and was not 
affected by the use of stem extensions. However, the contour plots showed an increase 
in shear stresses due to unsymmetrical loading from 50% to 75% of the estimated shear 
endurance limit while the compressive stresses increased from 60% to 95% of their 
endurance limit.
Therefore, based on the results presented in this Chapter, the addition of a stem 
extension does nothing to enhance the integrity of the tibial implant under symmetric or 
asymmetric loading but does increase stress shielding a little. Based on these 
observations it is concluded that there is no clear advantage in including a stem 
extension in a non-augmented TKR.
However, it has been shown that increasing the loading asymmetry reduces all the 
factors of safety on endurance limits and brings the loads close to the endurance limits 
for the cement and cortical bone. There is a body of opinion that believe that normal 
functional loading does involve asymmetric loading {Morrison et al, 1970; Taylor M. 
et al, 1998; Iseaka et al, 2002; Sawatari et al, 2005; Au et al, 2005; Completo et al, 
2007). The results from this chapter show that it is important to included asymmetric 
loading in an assessment of TKR integrity.
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7 Augmented TKR with Stem Extension and Asymmetric 
Loading
In the previous chapter, the effect of a stem extension and load variation across the medial and 
lateral sides of the tibia, in non-augmented LTKR models was discussed. This chapter 
discusses the effect in augmented TKR tibial models and hence the stability of the tibial tray 
in the presence of AORI Type-2 defects.
The boundary conditions, reference planes and local co-ordinate systems that were used are 
the same as those explained in Chapter 4 and Chapter 6.
7.1 Block Augmented TKR Models
This section discusses the effect of stem extension and load variation in metal block 
augmented LTKR models (LMBA^^). The LMBA model with no stem extension and 
symmetric load distribution on the medial and lateral condyles (LMBAOO-5050) was 
compared with a symmetrically loaded LMBA model with 60 mm stem extension (LMBA60- 
5050). These two models were also compared with an asymmetrically loaded LMBA model 
with a medial to lateral load ratio of 70:30 (LMBAOO-7030 and LMBA60-7030) i.e. higher 
loads on the medial side,
7.f.7 Displacement
The overall deformation was consistent in all the models, see Table 7.1. As discussed in 
previous studies (chapters 4 and 6) the system followed a similar general movement in the 
anterior-medial direction. The magnitude of displacement increased medially with the 
increase in the asymmetric load distribution, as shown in Table 7.1. Figure 7.1 shows the 
contour plots of the magnitude of displacement in the LMBAOO models. The direction of 
bending was consistent with the LTKR models as seen in Chapter 6, with the system bending
LMBA = Long Tibia, Metal Block Augmented Models.
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towards the anterior-medial comer. The direction of bending shifted from 38° to 19° anterior 
of medial in LMBA models with the change in the load distribution from 5050 to 7030.
OVERALL DISPLACEMENT
Medial - Lateral Load Distribution
1.46 1 4.72
1.45 I 4.51
Table 7.1: Maximum displacement magnitude for symmetric and asymmetric load distribution in LMBA 
models with or without stem-extensions. (Displacement in mm)
U, U 3  (U N D E F :C S Y S -1 )  
0 .2 9 9  
0 .2 5 0  0.202 
0 .1 5 3  
0 .1 0 5  
0 .0 5 6  
0 .0 0 8  
- 0 .0 4 1  
- 0 .0 8 9  
- 0 .1 3 8  
- 0 .1 8 6  
- 0 . 2 3 5  
- 0 . 2 8 3
U, U 3  (U N D E F :C S Y S -1 )  
1 .2 8 6  
1 .0 8 6  
0 .8 8 6  
0 .6 8 6  
0 .4 8 6  
0 .2 8 6  
0 .0 8 6  
- 0 . 1 1 3  
- 0 . 3 1 3  
- 0 . 5 1 3  
- 0 . 7 1 3  
- 0 . 9 1 3  
- 1 . 1 1 3
Figure 7.1: Contour plot of LMBAOO models with 50-50 and 70-70 (medial-lateral) load distribution, with 
tilt towards the medial side. (Displacement in mm).
Table 7.2 shows that the stem extension does not have any noticeable effect on displacement 
in anterior-posterior or medial-lateral directions under symmetrically loaded systems. 
However, asymmetrically loaded models showed that these displacements reduced marginally 
with the increased stem length.
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Anterior-Posterior Medial-Lateral
Medial - Lateral Load DistributionStem
Length
-1.27 mm 
-1.28 mm
-2.13 mm 
-2.06 mm
0.71 mm 
0.70 mm
4.21 mm 
4.01 mm
00 mm
Direction »
5050 7030 5050 7030
Table 7.2: Maximum displacement (in mm) in anterior-posterior and medial-lateral directions for LMBA 
models with or without stem-extensions and symmetric and asymmetric loading.
Table 7.3 shows the maximum axial displacements of the lateral and medial sides of the 
bearing. As with Table 7.2 the displacements suggests that in symmetric loading there was no 
effect of stem extension, however in asymmetric loading LMBAOO deflected more than 
LMBA60.
Lateral Medial Lateral Medial
Medial - Lateral Load DistributionStem
Length
0.30 mm 
0.30 mm
-0.28 mm 1.29 mm 
-0.27 mml 1.20 mm
-1.11 mm 
-1.03 mm
00 mm
5050 7030
Axial D isplacem ent
Table 7.3: Displacement (in mm) in axial direction for LMBA models with or without stem-extensions and
symmetric and asymmetric loading.
The LMBA models generally exhibited comparable displacements to their respective LTKR 
counterparts, except the axial displacement on the medial (augmented) side of the LMBAOO- 
7030 model which displaced 15% more than the LTKROO-7030 model.
7.1.2 Axial Stress Distribution and Load Transfer
The reaction force found in the LMBA models in the axial direction (local co-ordinate system 
CSYS-1) was 3586N. Figure 7.2 shows a cut view of the axial stress distribution in these 
models at SPl^^.
In the LMBA models with symmetric loading (Figure 7.2(a) and 7.2(c)), the stresses in the 
implant are broadly similar, with the exception of the stem extension in LMBA60, where the
SPl, SP2 -  Please refer to Figure 6.3 for the location o f the cut-view planes.
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medial side of the stem is more compressive than the lateral side due to bending. The stresses 
in the bearing are similar. The axial stresses in the cortical bone were found to be broadly 
similar in LMBAOO and LMBA60 models proximally, but moving distally the medial cortical 
stresses in model with the extension did not increase as quickly in the epiphysis/diaphysis 
region. An increase of compressive stress was noticed in the cancellous bone, below the tip of 
the stems, which increased with increasing stem length.
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Figure 7.2: Contour plot of the axial stresses in LMBAOO with (a) symmetric and (b) asymmetric loading; 
and LMBA60 with (c) symmetric and (d) asymmetric load distribution. Through SPl, (Stresses in MPa)
In LMBA models with asymmetric loading (Figure 7.2(b) and 7.2(d)), the stresses on the 
medial side of the tibial insert were higher than the lateral side due to the 70:30 medial:lateral
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load distribution. The stress distributions in the fms of the tibial insert were broadly similar, 
with stresses being slightly higher in the stem extension model. The medial side of the stem 
extension was in compression and lateral side in tension. The stresses in the bearing were 
consistent in all the models with compression under the condylar surfaces varying with the 
load asymmetry. Cancellous bone and cortical bone were found to be under tension below the 
epiphysis region on the lateral side, due to the bending. The stresses in the cement mantle 
were affected by the bending with higher compression on the medial side, and tension in the 
lateral side in the metaphysis region Also, with increasing length of the stem extension there 
was a decrease in the stresses in the cement mantle. In other aspects the effect of stem 
extension was similar to that in the LMBA5050 models.
Figures 7.3 -  7.5 show the percentage of load carried by the cortical bone, the cancellous bone 
and the tibial insert, across the cross-sections shown in Figure 4.10 in the symmetric and 
asymmetric LMBA models. Figure 7.3 shows that the load transfer in cortical bone reduces 
with increased stem-extension length, however there was little effect of the asymmetric 
loading on the load transfer in cortical bone. A similar trend was found in the cancellous bone 
(Figure 7.4) was and these were balanced by opposite changes in the load carried by the stem, 
as shown in Figure 7.5. The sharp rise of load transfer between marker positions 30-26 in the 
cortical and cancellous bone is due to load transfer from the augment to the bone as explained 
in Chapter 4.
Figure 7.4 shows that load transfer in the cancellous bone reduces smoothly with reduction in 
cross-section area of cancellous bone. There was an increase in load transfer at “Marker 0” 
due to a marginal increase in the cancellous bone cross-section caused by the disappearance 
of the cement layer. The stress shedding from the tip of the stem (as shown in Figure 7.2) 
increases the load transfer through the cancellous bone. This stress is eventually offloaded to 
the cortical bone.
Figure 7.5 shows that the load transfer in the stem in the LMBAOO model was unaffected by 
the asymmetric loading. The load transfer reduced in the LMBA60 model at the distal end of 
the stem and this was balanced by the increase in cortical bone loading. The high load transfer 
between Markers 30 and 26 is due to the load transfer through the block augments to the 
bone.
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Figure 7.3: Load transfer in the cortical bone in the LMBA models.
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Figure 7.4: Load transfer in the cancellous bone in the LMBA models.
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Figure 7.5: Load transfer in the tibial insert in the LMBA models.
7.1.3 Cancellous Bone
Figures 7.6 and 7.7 show the von Mises stress distribution in the cancellous bone region in the 
LMBA models. The stress region 0-0.125 MPa marks the region of bone resorption in 
cancellous bone and 0.125-0.35MPa as the region of adaptive (potential) bone resorption 
(Table 2.4). Table 7.4 summarises the volume of cancellous bone lying in these two zones for 
the various models.
Figure 7.6 shows the top view, the posterior view and a cut view at SPl of the LMBA models 
with and without a stem extension, under syimuetric and asymmetric loading. As discussed in 
Section 4.3, the stresses, in LMBAOO-5050 model, on the augmented side were considerably 
lower than the non-augmented side. Figure 7.6 (a and c) shows that the stresses in the 
cancellous bone decreased with an increase in stem extension. The stresses in the proximal 
region were reduced by about 10%. There was also an increase in stresses at the tip of stem in 
LMBA60 model compared with the LMBAGO model. The view-cut contour plots show the 
extent of the low stress regions, which together with the volume of cancellous bone (as shown 
in Table 7.4), show that the lateral side is more prone to bone resorption than the medial side.
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Figure 7.6: Contour plot distribution of von Mises stresses in the cancellous bone regions of LMBAOO with 
(a) symmetric and (b) asymmetric loading; and LMBA60 with (c) symmetric and (d) asymmetric load 
distribution. Top-view, posterior views, view-cut at SPl. (Stresses in MPa)
Figure 7.6 (b and d) shows that under the asymmetric loading there was the expected increase 
in stresses on the medial side compared to the symmetrically loaded models (a and c). In the 
proximal region of the tibia in the LMBA60-7030 model, on the lateral side there was a larger 
region of low stress (due to increased shielding) than the LMBAOO-7030 model.
Figure 7.7 shows these observations in detail, where under symmetric loading (Figure 7.7-a, 
c), the stress on the lateral side reduces with increasing length of the stem as do the stresses in 
the “pimple” region at the end of the original stem tip. Due to asymmetrical loading (7.7-b, d), 
there was an increase in the stress level in the “pimple”. However the pimple shifted from the 
medial to the lateral side due to the increase in the stem length and asymmetric loading.
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Figure 7.7: Contour plot of the von Mises stresses in the cancellous bone regions of the LMBA models.
(Stresses in MPa) (A: LMBAOO-5050, B: LMBAOO-7030, C:LMBA60-5050, D: LMBA60-7030).
The effect of the stem-extension and asyiumetrical loading can be measured in terms of the 
volume of cancellous materials in the bone loss zone and potential bone loss zone, as 
summarised in Table 7.4. Table 7.4(A) lists the volume of bone with von Mises stress lying in 
a) 0-0.125 MPa and b) 0.125 -  0.35 MPa^^. Table 7.4(B) lists the volume of bone subjected to 
bone loss and adaptive (potential) bone loss, combining both loading conditions. The volume 
subjected to bone loss increased by approximately 56% with the increased stem extensions, 
and the volume of bone subjected to adaptive (potential) bone loss increased by 
approximately by 57%^  ^ in LMBA60 when compared relatively to the LMBAOO model. In 
absolute terms, 43% of cancellous bone volume in the proximal region (as defined in Section
As explained in Chapter 4.
Typical volume (a) proximal lateral region 16.5 cm  ^and (b) medial region 11 cm .^
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4.3.1) observe low stresses (less than 0.35MPa) which increased to 51% of the proximal bone 
volume with the use of 60 mm stem extension.
Svmmetric 1 I
LMBA-00-5050 , 35 mm^ .114 m m l __
i 1
LMBA-ecTsoso 42 mm^ ; 221 mm^ 7733, mm^
1 ?
7688: nnm^
Asvm metric 1 I
LMBA-00-7030 ___ mm^ j _________ ^ m m L __ 7 0^ , mm .^ J ___1 7 ^  m m l
i i
LM BA-60-7030 71'mm^ : 139 mm^ i 3444! mm^
BONE LOSS 1 ADAPTIVE BONE LOSS I
LMBAOO 
LM BA-60
_  .7 2 jm m l% ....114 m m l
7l!mm^ ! 221 mm^
_ _ 7 9 ^ im m !j___^ 7 3  m m l! i :
10470 mm^ ! 7688: mm^B
Table 7.4: Volume of cancellous bone in proximal lateral and medial (augmented) sides of the LMBA 
models falling in the two bone loss zones. (B) Maximum volume in bone loss zones in proximal tibia 
combining symmetric and asymmetric loading.
7.1.4 Cortical Bone
Figure 7.8 shows the contour plot of the von Mises stresses in the cortical bone of the LMBA 
models. There is a small general reduction in stresses due to the addition of the stem extension 
(compare Figure 7.8 a with c and b with d). Also noted is an increase in the low stresses in the 
posterior metaphysis region with a stem extension when symmetrically loaded. Further, in the 
asymmetrically loaded models there was a decrease in the low stress region on the anterior 
rib. The asymmetric loading caused the proximal stresses on the medial side to increase with a 
corresponding reduction on the lateral side. However, the stresses increased at the distal end 
with asymmetric loading but were unaffected in this region by the stem extension. The 
stresses at the distal end are due to tension and compression caused by bending as seen in 
Figure 7.2. The zero stresses in the diaphysis region in the symmetrically loaded models are 
caused by the tension due to bending balancing the compression due to the axial loading.
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Figure 7.8: Contour plot of the von Mises stresses in the cortical bone of (a) LMBAOO-5050, (b) LMBAOO- 
7030, (c) LMBA60-5050, (d) LMBA60-7030 models. Stresses in MPa.
Figure 7.9 shows the contour plot of the axial stresses in the block augmented model with and 
without stem extension under both symmetric and asymmetric loading. When comparing the 
proximal tibia^^, the factor of safety (FoS) for fatigue endurance decreased from nearly 3 to 
just below 1.5 due to asymmetric loading in the block augmented model without a stem 
extension. The FoS increased in the symmetrically loaded block augmented models from 3 to 
nearly 5 in the proximal region with the use of 60mm stem extension, but remained constant 
at 1.5 in asymmetrically loaded models. Therefore, as discussed previously (Sections 4.4 and 
6.4), the stem extension did not provide any clear advantage in the proximal tibial
Proximal tibia as defined in the Figure along with Table 2.4.
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Figure 7.9: Contour plot of the axial stresses in the cortical bone regions of (a) LMBAOO-5050, (b) 
LMBAOO-7030, (c) LMBA60-5050, (d) LMBA60-7030. (From left to right) Stresses in MPa.
7.1.5 Cement
Figure 7.10 shows the stresses in the cement in the axial direction. The highest stresses were 
in compression, and the maximum values varied at about 60% to 95% of the endurance limit 
(Table 2.7) for symmetric and asymmetric loading respectively. The highest stresses were 
observed at the periphery of the cement part, where the cement is compressed between the 
edges of the tibial insert and cortical bone. There was a very slight reduction in the axial 
stresses due to the stem extension, and a small reduction in compressive stresses on the lateral 
side (to the next contour band) when the load became asymmetric.
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Figure 7.10: Contour plot of the axial stresses in the cement of (a) LMBAOO-5050, (b)LMBA00-7030, (c) 
LMBA60-5050, (d) LMBA60-7030 models. Stresses in MPa.
Figure 7.11 shows the cement shear stresses in the CYS Shear-Flat coordinate system. There 
was no particular difference in the shear stresses, except at the edges. The stresses on the 
lateral side reduced by 50% due to asymmetrical loading and increased by a third on the 
medial side. In addition there was a small reduction on both sides with a stem extension.
The peak shear stresses were increased from 15% to 20% of the static shear failure, and from 
80% to 115% of the estimated shear endurance limit with the asymmetrical loading.
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Figure 7.11: Contour plot of the cement shear stresses of LMBA models without (top) and with (bottom) 
stem extension, with symmetrically (left) and asymmetrically (right) loaded models. Stresses in MPa.
7 .1.6 Tibial Insert and Augments
Figure 7.12 shows the von Mises stress distributions in the tibial insert of the LMBA models. 
The real peak values (ignoring artificial artefacts) were around 93 and 101 MPa 
(symmetrically loaded without and with stem extension respectively) and 71 and 73 MPa 
(asymmetrically loaded without and with stem extension respectively). Note that in this case 
the asymmetric loading reduces the peak stress, which occurred on the non-augmented side of 
the tray under symmetric loading conditions. The factor of safety on the fatigue endurance 
limit (Table 2.5) was increased from 1.5 to 2.1 as the loading became asymmetric. As seen in 
Figure 7.12, the peak occurred near the neck of the tibial insert on the lateral side, as 
discussed in Chapter 4. The reason why the asymmetric load reduced the stress is that it 
shifted the load from the lateral to the medial side, which is strengthened by the augment.
The stresses increased in the stem extension with the lateral side in tension and medial side in 
compression, caused by the bending seen in Figure 7.2.
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Figure 7.13 shows the von Mises stress distributions in the block augments. The real peak 
values (ignoring the artificial artefacts) were around 28 and 30 MPa (symmetrically loaded 
without and with stem extension respectively) and increased to 44 and 46 MPa in 
asymmetrically loaded models (without and with stem extension). The FoS on fatigue 
endurance was more than 3.5. The peak occurred along the zone where the tibial insert makes 
contact with the augment. The stresses increased around the periphery of the augments with 
asymmetric loading due to the increased load transferred on the medial (augiuented) side.
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Figure 7.12: Contour plot of the von Mises stresses in the tibial insert of LMBA models without (top) and 
with (bottom) stem extension, with symmetrically (left) and asymmetrically (right) loaded models. Stresses
in MPa.
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Figure 7.13: Contour plot of the von Mises stresses in the block augments of a) LMBAOO-5050, (b) 
LMBAOO-7030, (c) LMBA60-5050, (d) LMBA60-7030 models. Stresses in MPa.
7.2 Wedge Augmented TKR Models
This section discusses the effect of the stem extension and load variation in metal wedge 
augmented LTKR models (LMWA^^). The EMWA model with no stem extension and 
symmetric load distribution on the medial and lateral condyles (LMWAOO-5050) was 
compared with a symmetrically loaded EMWA model with 60 mm stem extension 
(LMWA60-5050). These two models were also compared with the asymmetrically loaded 
EMWA models with medial to lateral load ratio of 70:30 (LMWAOO-7030 and LMWA60- 
7030) with the higher load on the medial side (augmented side).
LMBA = Long Tibia, Metal Wedge Augmented Models.
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7.2A Displacement
The overall defonuation was consistent in all the models, see Table 7.5. As discussed in 
previous studies (Chapters 4 and 6) the system followed a similar general movement in the 
anterior-medial direction. The magnitude of displacement increased (mainly medially) with 
the increase in the asymmetric load distribution, as shown in Table 7.5. Figure 7.14 shows the 
contour plots of the magnitude of the displacement in the LMWAOO models. The direction of 
bending was consistent with the LTKR models as seen in Chapter 6, with the system bending 
towards the anterior-medial comer. The direction of bending shifted from 40° to 38° with the 
stem-extension, and reduced to 19° anterior of medial in LMWA models due to a shift in the 
load distribution from 50:50 to 70:30.
Medial - Lateral Load Distribution IStem
Length
4.72
4.54
1.46
1.45
00 mm
5050 7030
OVERALL DISPLACEMENT
Table 7.5: Maximum displacement magnitude (in mm) for symmetric and asymmetric load distribution in
LMWA models with and without stem-extensions.
Table 7.6 shows that the stem extension does not have any noticeable effect on displacement 
in the anterior-posterior or medial-lateral directions under symmetrically loaded systems. 
However, asymmetrically loaded models showed that these displacements reduced marginally 
with increase in stem length.
Table 7.7 shows the maximum axial displacements of the lateral and medial sides of the 
bearing. The displacements suggest that in symmetric loading there was no effect of the stem 
extension, however in asyiumetric loading LMWAOO deflected more than LMWA60.
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Figure 7.14: Contour plot of LMWAOO models with 50-50 and 70-30 (Medial-Lateral) load distribution, 
with tilt towards the medial side. (Displacement in mm).
Direction » Anterior-Posterior Medial-Lateral
Lenath
00 mm 
6 ‘
Medial - Lateral Load Distribution
-1.27 mm 
-1.27 mm
-2.13 mm 
-2.07 mm
0.71 mm 
0.70 mm
4.21 mm 
4.04 mm
Table 7.6: Maximum displacement (in mm) in anterior-posterior and medial-lateral directions for LMWA 
models with or without stem-extensions and symmetric and asymmetric loading.
Lateral Medial Lateral Medial
Medial - Lateral Load DistributionStem
Length
0.30 mm 
0.30 mm
-0.28 mm 
-0.27 mm
1.29 mm 
1.21 mm
-1.11 mm 
-1.05 mm
00 mm 
60 mm
5050 7030
Axial D isplacem ent
Table 7.7: Displacement (in mm) in axial direction for LMWA models with or without stem-extensions
and symmetric and asymmetric loading.
The LMWA models, when compared with respective LTKR models, showed no comparable 
difference in the displacements. Except the axial displacement on the medial side of the 
LMWAOO-7030 model which displaced 15% more than the corresponding LTKROO-7030 
model and similar to the corresponding block augmented model.
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7.2.2 Axial Stress Distribution and Load Transfer
The reaction force found in the LMWA models in the axial direction (local co-ordinate 
system CSYS-1) was 3586N. Figure 7.15 shows a cut view of axial stress distribution in these 
models at SPl"^ .^
In the LMWA models with symmetric loading (Figures 7.15(a) and 7.15(c)), the stresses in 
the implant are broadly similar on the medial and lateral sides, with the exception of the stem 
extension in LMWA60, where the medial side of stem experienced more compressive stresses 
than the lateral side due to bending. The stresses in the bearing are almost symmetrically 
distributed. The normal stresses in the cortical bone were found to be broadly similar in 
LMWAOO and LMWA60 models. However the stress distribution in the metaphysis and the 
proximal part of the diaphysis is slightly higher in the model without an extension. The 
compressive stress in cancellous bone, below the tip of the stems, increased with increasing 
stem length.
In the LMWA models with asymmetric loading (figures 7.15(b) and 7.15(d)), the stresses on 
the medial side of the tibial insert were higher than the lateral side due to the 70:30 
medial:lateral load distribution. The stress distributions in the fins of the tibial insert were 
broadly similar, with stresses being slightly higher on the augmented side in the stem 
extension model. The medial side of the stem extension was in compression and lateral side in 
tension. The stresses in the bearing were consistent in all the models with compression under 
the condylar surfaces varying with the load applied. Cancellous bone and cortical bone were 
found to be under tension below the epiphysis region on the lateral side, due to the bending. 
The stresses in cement mantle were affected by the bending with tensile stresses being 
introduced on the lateral side of the metaphysis region. Also, with increasing length of the 
stem extension there was a small decrease in the stresses in the cement mantle. In other 
respects, the effect of the stem extension was similar to that seen in the LMWA5050 models.
SPl, SP2 -  Please refer to Figure 6.3 for the location of the cut-view planes.
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Figure 7.15: Contour plot of the axial stresses in LMWAOO with (a) symmetric and (b) asymmetric 
loading; and LMWA60 with (c) symmetric and (d) asymmetric load distribution. Through SPl, (Stresses
in MPa)
Figures 7 .16-7.18 show the percentage of load carried by cortical bone, cancellous bone and 
tibial insert across the cross-sections shown in Figure 4.10 in the symmetric and asymmetric 
LMWA models. Similar trends to the block augmented models were noted. Figure 7.16 shows 
that the load transfer in the cortical bone reduces with a stem-extension, however there was no 
effect of the asymmetric loading on the load transfer in cortical bone. A similar trend was
7-20
7. Augmented TKR with Stem Extension and Asymmetric Loading
found in the cancellous bone (Figure 7.17) which was balanced by opposite changes in the 
stem, as shown in Figure 7.18. The sharp rise of load transfer between marker positions 30-26 
is due to load transfer from the augment to the bone, as discussed in Chapter 4.
1 0 0 %
90%
2  80%
50%
40%
30%
2 0 %
S 300 ^  O  ID
Vertical TKR length in (mm) w.r.t. the Transverse Plane (CSYS-1)
 LMWAOO-5050 —  LMWAOO-7030 -----LMWA60-5050 LIVIWA60-7030
Figure 7.16: Load transfer in the cortical bone in the LMWA models.
Figure 7.17 shows that load transfer in cancellous bone reduces smoothly with reduction in 
cross-section area of cancellous bone. There was an increase in load transfer at “Marker 0” 
due to the increase in the cancellous bone cross-section when the cement layer ends. The 
stress shedding from the tip of the stem increases the load transfer through the cancellous 
bone. This stress is eventually off-loaded to the cortical bone.
Figure 7.18 shows that the load transfer in stem in the LMWAOO model was essentially 
unaffected by the asymmetric loading. The load transfer reduced in the LMWA60 model on 
the distal end of the stem which was balanced by the increase in cortical and cancellous bone 
loading. The high load transfer between Markers 30 and 26 is due to the load transfer through 
the wedge augments.
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Figure 7.17: Load transfer in the cancellous bone in the LMWA models.
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Figure 7.18: Load transfer in the stem (and extension) in the LMWA models.
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7.2.3 Cancellous Bone
Figures 7.19 and 7.20 show the von-Mises stress distribution in the cancellous bone region in 
the LMWA models. The stress region 0-0.125 MPa marks the region of bone loss in 
cancellous bone and 0.125-0.35MPa as the region of adaptive (potential) bone loss in these 
figures (Table 2.4). Table 7.8 summarises the volume of cancellous bone lying in these two 
cancellous stress threshold regions.
Figure 7.19 shows the top view, the posterior view and the cut view at SPl of the LMWA 
models with and without stem extension, under symmetric and asymmetric loading. As 
discussed in Section 4.3, the stresses in LMWAOO-5050 model, on the augmented side were 
lower than the non-augmented side. Figure 7.19 (a v/s c and b v/s d) shows that the stresses in 
the cancellous bone decreased with a stem extension. The stresses in the proximal region were 
reduced by about 10%. There was also an increase in stresses at the tip of stem in LMWA60 
models compared with the LMWAOO models. The view-cut contour plots show the extent of 
the low stress regions, and shows that the lateral side is more prone to bone resorption than 
the medial side under asymmetric loading and, if anything, the opposite is true under 
symmetric loading
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Figure 7.19: Contour plot of the von Mises stresses in the cancellous bone regions of LWBAOO with (a) 
symmetric and (b) asymmetric loading; and LMWA60 with (c) symmetric and (d) asymmetric load 
distribution. Top-view, posterior views, view-cut at SPl. (Stresses in MPa)
Figure 7.20 further illustrates these observations where, under symmetric loading (Figure 7.20 
a and c), the stress on the lateral side reduces with increasing stem length. The stresses in the 
“pimple” region at the end of the tip decreased with the stem extension. Under asymmetrical 
loading (7.20-b, d), there was an increase in the size of the “pimple” due to stress 
concentration. However the pimple shifted from the medial to the lateral side and the 
associated stresses reduce with a stem extension and unsymmetrical loading.
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Figure 7.20: Contour plot of the von Mises stresses in the cancellous bone regions of the LMWA models on 
lateral and medial sides. (Stresses in MPa) (A: LMWAOO-5050, B: LMWAOO-7030, C:LMWA60-5050, D:
LMWA60-703G).
The effect of the stem-extension and unsymmetrical loading in tenus of the volume of 
cancellous material lying in the bone loss and adaptive (potential) bone loss thresholds is 
summarised in Table 7.8. Table 7.8(A) lists the volume of bone lying in the von Mises stress 
zones: 0-0.125 MPa and 0.125 -  0.35 MPa" ’^. Table 7.8(B) lists the volume of bone in these 
zones, combining both loading conditions. With increasing stem extension there was a 4% 
increase in the volume in the bone loss zone and about 10% increase in the volume of bone in 
the adaptive bone loss zone in LMWA60 when compared to the LMWAOO model. In absolute
As explained in Chapter 4.
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terms 42% of the bone volume, in the proximal bone (as discussed in Section 4.3.1), 
experience stresses lower than 0.35 MPa in LMWAOO model and this increases to 47% of the 
proximal bone volume in LMWA60 model with the use of 60 mm stem extension.
Symmetric
LMWA-00-5050 18 mm^ 101 mm^ 3275  mm^ 5435  mm^
LMWA-60-5050 24 mm^ 138 mm^ 6871  mm^ 46 5 8  mm^
Asymmetric
LMWA-00-7030 117 mm^ 31 mm^ 7079  mm^ 1607  mm^
LMWA-60-7030 69 mm^ 34 mm^ 9273  mm^ 2433  mm^
BONE LOSS ADAPTIVE BONE LOSS
B
LMWAOO 117 mm^ 101 mm^ 7079  mm^ 5435 mm^
LMWA-60 69 mm^ 138 mm^ 9273  46 5 8
Table 7.8: Volume of cancellous bone in proximal lateral and medial (augmented) sides of the LMWA 
models in the various bone loss zones. (B) Maximum volume prone to bone loss over the range of loading
in proximal tibia.
7.2.4 Cortical Bone
Figure 7.21 shows the contour plot of the von Mises stress distribution in the cortical bone of 
the LMWA models. There is a small general reduction in stresses due to the addition of the 
stem extension (compare Figure 7.21 a with c and Figure 7.21 b with d). Also noted is a 
marginal increase in the low stresses in the posterior metaphysis region with a stem extension 
when symmetrically loaded. Further, in the asymmetrically loaded models there was decrease 
in the low stress region on the anterior rib. The asymmetric loading caused the proximal 
stresses on the medial side to increase with a corresponding reduction on the lateral side. 
Further, the stresses increased at the distal end (and were unaffected by the stem extension, as 
expected). The stresses at the distal end are tension and compression caused by the bending as 
seen in Figure 7.15. The reasons for the near zero stresses in the diaphysis region in the 
symmetrically loaded models is explained in Section 7.1.4.
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Figure 7.21: Contour plot of the von Mises stresses in the cortical bone regions of (a) LMWAOO-5050, (b) 
LMWAOO-7030, (c) LMWA60-5050, (d) LMWA60-7030. Stresses in MPa.
Figure 7.22 shows the contour plot of the axial stresses in the wedge augmented model with 
(LMWA60) and without (LMWAOO) stem extension in symmetric (_5050) and asymmetric 
(_7030) loading. The FoS for fatigue endurance of 3 decreased to nearly 1.5 due to 
asymmetric loading in the wedge augmented model without a stem-extension. There was no 
change, in the main, in FoS with a stem extension in the symmetrically loaded models. 
Therefore, the minimal principal stresses were also investigated for wedge augmented TKR 
(as shown in Figure 7.23), given the slant cut (defect) on the medial side of the tibia, and 
Figure 7.22 shows the same level of FoS against fatigue as the corresponding axial stresses 
discussed above. The maximal principal stresses were also investigated and the maximum 
tensile forces on the lateral side were below 40MPa, and hence within the FoS against fatigue.
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Figure 7.22: Contour plot of the axial stresses in the cortical bone regions of (a) LMWAOO-5050, (b) 
LMWAOO-7030, (c) LMWA60-5050, (d) LMWA60-7030. (From left to right) Stresses in MPa.
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Figure 7.23: Contour plot of the minimal principal stresses in the cortical bone regions of (a) LMWAOO-
5050, (b) LMWAOO-7030, (c) LMWA60-5050, (d) LMW A60-7030. (From left to right) Stresses in MPa.
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7.2.5 Cement
Figure 7.24 shows the stresses in the cement in the axial direction. The highest stresses were 
in compression, and the maximum values varied at about 60% to 95% of the compressive 
fatigue endurance limit (Table 2.7) with symmetric and asymmetric loading respectively. The 
highest stresses were observed at the periphery of the cement, where the cement is 
compressed between the edges of the tibial insert/augment and the cortical bone. There was a 
very slight reduction in the axial stresses due to the stem extension, and a small reduction in 
the compressive stresses on the lateral side (to the next contour band) when the load became 
asymmetric.
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Figure 7.24: Contour plot distribution of normal stresses in the cement (adhesive) of (a) LMWAOO-5050, 
(h)LMWA00-7030, (c) LMWA60-5050, (d) LMWA60-7030 models. Stresses in MPa.
Figure 7.25 shows the shear stresses in the cement in medial-lateral direction. There was no 
particular difference in the shear stresses, except for the edges. The stresses on the lateral side 
reduced by 50% due to asymmetrical loading and increased by a third on the medial side, 
however, in the main, there was no influence of the stem-extension.
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As the loading became asymmetric the peak shear stresses increased from 15% to 20% of the 
static shear failure limit, and from 80% to 110% (LMWAOO), and 60% to 110% (LMWA60) 
of the estimated fatigue endurance limit in shear The shear stresses in wedge augmented 
model in comparison to endurance limit are marginally (5%) better than block augmented 
model, however the surface area of the shear stresses operating above the endurance limit is 
higher in block augmented model compared to wedge augmented model. If the shear stresses 
in the periphery of the cement mantle on the augmented side are neglected (due to sharp 
edges), then the shear stresses in the wedge augmented model rise only up to 80%-90% (about 
10% -15% less) of the endurance limit due to the asymmetric loading, whereas the shear 
stresses in the block augmented model (Section 7.1.5) reaches at least 100% of the endurance 
limit. More research is needed with a better definition of elements for computational analysis, 
where cement is used, and therefore is one of the areas for future investigation, along with 
mechanical testing for validation of cement stresses when used in augmented TKR.
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Figure 7.25: Contour plot distribution of shear stresses in Y direction, in the cement (adhesive) o f (a)
LMBAOO-5050, (h)LMBA00-7030, (c) LMBA60-5050, (d) LMBA60-7030. Stresses in MPa
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7.2.6 Tibial insert and Augments
Ligure 7.26 shows the von Mises stress distributions in the tibial insert of the LMWA models. 
The real peak values (ignoring the artificial artefacts) were around 92 and 96 MPa 
(symmetrically loaded without and with stem extension models respectively) and 88 MPa and 
92 MPa (asymmetrically loaded without and with stem extension respectively). This gives a 
factor of safety of about 1.5 on the fatigue limit (Table 2.5). As seen in Ligure 7.26, the peak 
stresses that occurred near the neck of the tibial insert (as discussed in Chapter 4) were 
marginally lower with increasing stem-extension. The peak stress occurred near the neck of 
the tibial insert on the lateral side, as discussed in Chapter 4.
The stresses increased in the stem extension with a shift in the load distribution from 
symmetric to asymmetric. This is caused by the bending as seen in Figure 7.15. The lateral 
side is in tension and medial side is under compression.
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Figure 7.26: Contour plot distribution of von Mises stresses in the tibia! insert of (a) LMWAOO-5050, (b)
LMWAOO-7030, (c) LMWA60-5050, (d) LMWA60-7030 models. Stresses in MPa
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Figure 7.27 shows the von Mises stress distributions in the wedge augments. The real peak 
value was around in the region of 32MPa and 34 MPa in symmetrically and asymmetrically 
loaded models. There was only a marginal increase in the stresses when a stem extension was 
used. The factor of safety on the fatigue endurance was more than 3.5. The peak occurred 
along the zone where the tibial insert makes contact with the augment. The stresses increased 
at the periphery of the augments with asyimuetric loading, which increased the load 
transferred to the medial (augmented) side as seen in Figure 7.15.
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Figure 7.27: Contour plot distribution of von Mises stresses in the wedge augments of (a) LMWAOO-5050, 
(b) LMWAOO-7030, (c) LMWA60-5050, (d) LMWA60-7030 models. Stresses in MPa.
7.3 Discussion
In this section, results from both this and the previous chapter will be compared and 
discussed. This enables full consideration to be given to the effect of augmentation on the 
standard TKR model. The key aspects to discuss in this section are (a) which of the two 
augments (wedge or block) is better? and, (b) the effect of using a stem extension with either 
of the augments.
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Comparing the overall displacements it was found that these models were comparable with 
maximum differences being less than 2% between corresponding augmented and non­
augmented models. Further it was found that the stem extension did not really reduce the 
displacement for symmetric loading and only reduced it by about 5% for the asymmetric 
loading cases.
The load transfer in the proximal cortical bone decreased when using a stem extension and 
this reduction was twice as much in the block augmented models than the other two 
configurations. There were also decreases in the load transfer in the cancellous bone when 
using a stem extension, but these decreases were of the same magnitude in all 3 cases and also 
were influenced by a reduction in volume of cancellous bone. This decreased load transfer in 
the cortical bone was balanced by an increase in the metal implant.
The cancellous von Mises stress contour plots show that the block augmented models 
experience higher stresses at the tip of the stem and over a larger region compared to non­
augmented models, whereas the wedge augmented models showed lower stresses at the tip 
than the non-augmented models and over a smaller region. According to Frost’s and 
Prendergast’s studies, micro-damage in cancellous bone is caused due to the strains higher 
that 3000 -  3500 pm, which corresponds to stresses of 2.1 -  2.5 MPa based on the Young's 
modulus of 700 MPa (as discussed in Chapter 2). The stresses at the extension tip were 
certainly in excess of this threshold value. Therefore, block augmented models are more likely 
to be prone to strain related micro-damage near the tip of the stem, and this increases with a 
stem extension.
The quantified proximal cancellous bone volume in LTKR, LMBA and LMWA was about 
30.8 cm^, 27 cm  ^ and 29.4 cm^ respectively. The estimated volume prone to bone loss in the 
LTKROO increased from about 17.5% of the proximal region to 25.6% when loaded 
asymmetrically. The volume increased with increasing length of the stem extension, and the 
volume in symmetrically and asymmetrically loaded LTKR60 models was about 26% and 
30.5% of the proximal bone volume. The augmented models generally had a higher 
percentage of cancellous bone prone to bone loss. For “no extension” the values increased to 
30% (symmetric) and 33% (asymmetric) for the block whilst remaining at 30% (symmetric 
and asymmetric) for the metal wedge. However, in the augmented models with stem 
extensions, the percentage volume in LMBA60 was 58% and 52% for symmetric and
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asymmetric loads and in LMWA60 was 40% for both load distributions. Further, this volume 
in LMBA models was also higher in absolute quantity than the other two configurations even 
with less volume available in proximal region. Thus this implies that the use of a stem 
extension will increase the volume of bone at risk of remodelling considerably so should not 
be used unless there are other overriding reasons. Also from the perspective of volume of 
bone at risk, if an augment is necessary then it is better to use a wedge than a block augment.
In the cortical bone, the augmented models showed low stress regions on lateral side of the 
proximal bone compared to LTKR models, this effect was greater in the block augmented 
models than the wedge augmented models. Initially one might expect that the stresses should 
not be affected in the symmetrically loaded models, however the removal of the bone for 
augmentation removed the cortical hoop stresses in this region, giving rise to lower von Mises 
stresses in the augmented models. Further, in asymmetrically loaded models with stem- 
extensions this difference between augmented and non-augmented models was negligible. 
The factor of safety for the fatigue endurance limit in all the augmented and non-augmented 
models, in the proximal region was found to be at least 1.5 irrespective of the stem extension. 
However, in the proximal diaphysis of the non-augmented and augmented TKRs there was an 
improvement in the FoS of approximately 20% with the use of 60mm stem extension 
compared to models without stem extensions. As discussed in Chapter 6, a lower factor of 
safety in the models does not necessarily mean failure of cortical bone is likely to occur, but 
provide further support that the use of stem extension should not be a default option, and bone 
related underlying factors, such as cortical thickness, activity level or bone quality, should be 
assessed
The shear stresses in the cement, in the main, were higher in block augmented models than 
the wedge augmented models. The mechanism for this (reverse shear) has been as discussed 
in Chapter 4. The stem extension had a limited effect on these shear stresses. Introducing 
asymmetry into the loads increased the shear stress by 50% on the augmented side, with a 
more pronounced effect in the block augmented model than the wedge augmented model.
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7.4 Conclusion
The study found that the non-augmented TKR was the most favourable option compared to 
the augmented configurations. And, if there is a need to use an augment, then the study 
supported the use of wedge augmented TKR compared to the block augmented TKR. 
Furthermore, the study found that the use of stem extension should be avoided because it may 
lead to further bone resorption, and may be unnecessary unless there are other clinical factors 
such as poor bone quality in the metaphyseal region, often seen in elderly patients {Rawlinson 
et al, 2005). The clinical aim should be to achieve the best possible solution considering the 
age and activity level of patient, and the possibility of future revision arthroplasty.
The TKR configurations showed that the volume of the low stress region in the cancellous 
bone, stresses in the cement and support to the medial side of the tibial tray are critical in the 
design and planning of an arthroplasty. Therefore, in the following chapter the effect of the 
augment material on the cancellous bone, cement and augment stresses are investigated and 
discussed.
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8 Comparison of Metal and Cement Augmentation
In the previous chapters it was found that the tibial insert and the cement may be 
operating close to their fatigue limits. It was also found that volume of cancellous bone 
prone to bone resorption can determine the choice of one augment over another. In 
some cases it is clinical practice to use cement to fill a defect if the defect is no larger 
than the size of the smallest augment, thus preventing the need for a metal augment. 
This chapter briefly investigates and discusses the implications of this practice focusing 
particularly on the three key issues outlined above, namely the insert and cement 
stresses and the cancellous bone loss thresholds. Both block and wedge cement inserts 
with and without stem extensions have been considered under both symmetric and 
asymmetric loading
The boundary conditions, reference planes and local co-ordinate systems that were used 
are the same as those explained in Chapter 4 and Chapter 6. For the purpose of 
comparison, the defect size used was the same as the augmented TKR models 
considered in Chapter 7. The metal augment (block and wedge) were replaced with the 
same size cement augments. When cement was used to fill the defect of the size of a 
block augment it is termed a ‘cement block augmented’ (LCBA) model. Similarly, 
when a wedge size defect is filled with cement it is termed a ‘cement wedge augmented’ 
(LCWA) model.
8.1 Displacement
The overall deformation was consistent in all the models and the displacements in all 
the directions were similar when compared to their corresponding metal augmented 
models'^ .^
LCBAOO-5050 LMBAOO-5050, LCBA60-5050 LMBA60-5050, etc
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8.2 Axial Stress Distribution and Load Transfer
The reaction force found in the cement augmented models in the axial direction (local 
co-ordinate system CSYS-1) was 3586N. Figures 8.1 and 8.2 show cut views of the 
axial stress distribution in the LCBA and LCWA models at SPl"^  ^respectively.
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Figure 8.1: Contour plot of the axial stresses in LCBAOO with (a) symmetric and (b) asymmetric 
loading; and LCBA60 with (c) symmetric and (d) asymmetric load distribution. Through SPl,
(Stresses in MPa)
SPl, SP2 -  Please refer to Figure 6.3 for the location of the cut-view planes.
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Figure 8.2: Contour plot of the axial stresses in LCWAOO with (a) symmetric and (b) asymmetric 
loading; and LCWA60 with (c) symmetric and (d) asymmetric load distribution. Through SPl,
(Stresses in MPa)
The effect of asymmetric loading and stem extension on the stress distribution in the 
cement augmented models was broadly similar to the metal augmented model group (as 
discussed in previous chapters). In the cement augmented models with asymmetric 
loading (Figures 8.1(b) and 8.1(d); and Figures 8.2(b) and 8.2(d)), the stresses on the 
medial side of the tibial insert were higher than the lateral side due to the 70:30 
medial:lateral load distribution. The stress distributions in the fins of the tibial insert 
were broadly similar, with stresses being slightly higher in the stem extension model 
and being slightly higher in the wedge than the block augments. The medial side of the 
stem extension was in compression and lateral side in tension. The stresses in the 
bearing were broadly consistent in all the models with compression under the condylar
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surfaces varying with the load applied. Cancellous bone and cortical bone was found to 
be under tension below the epiphysis region on the lateral side, due to the bending. The 
stresses in cement mantle were affected by the bending with higher compression on the 
medial side and tension in the lateral side in the metaphysis region. Also, with 
increasing length of the stem extension there was a decrease in the stresses in the 
cement mantle. These observations were consistent with their corresponding metal 
augmented models.
Compared with the contour plots of the axial stresses of the metal augmented models 
(Figures 7.2 and 7.14) the corresponding cement augmented models experienced higher 
stresses on the fins of the tibial tray on the augmented side. This is because the cement 
augment strengthened the tray much less than the metal augment.
Figures 8.3 -  8.5 show the percentage of load carried by cortical bone, cancellous bone 
and tibial insert respectively across the cross-sections shown in Figure 4.10 in the 
symmetric and asymmetric LCBA models (and Figures 8.6 -  8.8 show similar data for 
the LCWA models). In the main, the changes in load transfer between the components 
were similar to their corresponding models discussed in Chapter 7.
Figures 8.3 and 8.6 show the load transfer in the cortical bone in the cement based block 
and wedge augmented models respectively. When compared with their corresponding 
metal augmented plots, discussed in Chapter 7 (Figure 7.3 and Figure 7.15), the 
proximal end of the cortical bone carried about 10% - 15% less load then the 
corresponding metal augment models. The load transfer in the proximal region was 
somewhat less affected under asymmetric loading (when compared to the metal 
augmented model).
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Figure 8.3: Load transfer in the cortical bone in the LCBA models.
Figures 8.4 and 8.7 show the load in the cancellous bone and Figures 8.5 and 8.8 show 
the load in the tibial insert of the LCBA and LCWA models respectively. In the LCBA 
models, the decrease in load in the cortical bone was balanced by a corresponding 
increase in the cancellous bone and the tibial insert. The level of load in the cancellous 
bone was at a similar levels to the LTKR models as shown in Figure 6.9.
The change in the load transfer can only be attributed to the material properties of the 
cement augment, being less stiff than the metal counter-part, allowing the tibial tray to 
bend more while transferring more stress to the cement and then to the cancellous bone 
region, without much resistance from the rigid cortical bone on the augmented side.
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Figure 8.4; Load transfer in the cancellous bone in the LCBA models.
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Figure 8.5: Load transfer in the stem of the tibial insert in the LCBA models.
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Figure 8.6: Load transfer in the cortical bone in the LCWA models.
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Figure 8.8: Load transfer in the stem of the tibial insert in the LCWA models.
8.3 Cancellous Bone -  von Mises stresses
Figures 8.9 and 8.10 show the von Mises stress distribution in the cancellous bone 
region in the LCBA and LCWA models respectively. The stress region 0-0.125 MPa 
has been used in this work to indicate a threshold region of bone loss in cancellous bone 
and 0.125-0.35MPa as the corresponding threshold for adaptive (potential) bone loss in 
these figures. Tables 8.1 and 8.2 summarise the volume of cancellous bone in each of 
these threshold regions.
The figures show the top view and the cut view at SPl (Figure 6.3) of the cement 
augmented models with and without stem extension, under symmetric and asymmetric 
loading. The stresses in the symmetrically loaded model, unlike metal augmented 
models, were synuuetric and similar to the LTKR models. This is because the material 
properties of cement augment are closer to the material properties of the cancellous 
bone than the material properties of the metal augment.
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Figure 8.9: Contour plot distribution of von Mises stresses in the cancellous bone regions of 
LMBAOO with (a) symmetric and (b) asymmetric loading; and LMBA60 with (c) symmetric and (d) 
asymmetric load distribution. Top-view, posterior views, view-cut at SPl. (Stresses in MPa)
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Figure 8.10: Contour plot distribution of von Mises stresses in the cancellous bone regions of 
LMBAOO with (a) symmetric and (b) asymmetric loading; and LMBA60 with (c) symmetric and 
(d)asymmetric load distribution. Top-view, posterior views, \iew-cut at SPl. (Stresses in MPa)
Table 8.1(A) and Table 8.2(A) list the volume of bone falling in the following von 
Mises stress thresholds: 0-0.125 MPa and 0.125 -  0.35 MPa'^^ Table 8.1(B) and Table 
8.2(B) list the volume of bone in these thresholds combining both loading conditions.
There was minor improvement in the volume subjected to bone loss when LCBA 
models were compared to the LMBA models, showing a decrease of about 31% and 
22% in volume when used without a stem-extension or with a 60 mm stem extension 
respectively. When comparing the wedge augmented models, the volume prone to
As explained in Chapter 4.
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resorption decreased by 20% in LCWAOO compared to LMWAOO model and about 6% 
in LCWA60 compared to LMWA60.
B
Symmetric
LCBA-00-5050 3076 mm 1793 mm28 mm1 mm
4432 mm7189 mm39 mmLCBA-60-5050 18 mm
Asymmetric
LCBA-00-7030 6945 mm 329 mm106 mm 10 mm
9719 mm 1288 mm123 mmLCBA-60-7030 3 mm
BONE LOSS ADAPTIVE BONE LOSS
6945 mm 1739 mm106 mm 28 mmLCBA-00
123 mm 39 mmLCBA-60 4432 mm
0-0.125 MPa 0.125-0.35 MPa
Lateral
0-0.125 MPa
Medial Lateral
0.125-0.35 MPa
M edial
Lateral
0-0.125 MPa
Medial Lateral
0.125- 0.35 MPa
M edial
Table 8.1: Volume of cancellous bone in the proximal lateral and medial (augmented) sides of the 
LCBA models in the two bone loss thresholds. (B) Maximum volume in these thresholds over the
range of loading in proximal tibia.
(A)
Symmetric
LCWA-00-5050 1 mm^ 27 mm^ 2724 mm  ^ 3014 mm^
LCWA-60-5050 13 mm^ 34 mm^ 3861 mm  ^ 4366 mm^
Asymmetric
LCWA-00-7030 100 mm^ 10 mm^ 7000 mm* 690 mm*
LCWA-60-7030 104 mm^ 1 mm^ 8632 mm* 993 mm*
(B)
BONE LOSS ADAPTIVE BONE LOSS
LCWAOO 100 mm* 27 mm* 7000 mm* 3014 mm*
LCWA-60 104 mm* 34 mm* 8632 mm* 4366 mm*
Table 8.2: Volume of cancellous bone in the proximal lateral and medial (augmented) sides of the 
LCWA models in the tw o bone loss thresholds. (B) Maximum volume in the two thresholds over the
range of loading in proximal tibia.
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8.4 Cement
Figure 8.11 and 8.12 show the stresses in the cement in the axial direction. The highest 
stresses were in compression, and the maximum values in the cement blocks were about 
70% to 85% (for LCBAOO) and 65% to 100% (for LCBA60) of the endurance limit of 
cement with symmetric and asymmetric loading respectively. The axial compressive 
stresses were higher in the cement wedges and increased from 80% to 85% (LCWAOO) 
and 75% to 80% (LCWA60) of the endurance limit of cement with symmetric and 
asymmetric loading respectively. The highest stresses were observed at the periphery of 
the cement part, where the cement is compressed between the edges of the tibial insert 
and the cortical bone.
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Figure 8.11: Contour plot of axial cement stresses for (a) LCBAOO-5050, (b)LCBA00-7030, (c)
LCBA60-5050, (d) LCBA60-7030 models. Stresses in MPa.
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Figure 8.12: Contour plot of the axial cement stresses for (a) LCWAOO-5050, (b) LCWBAOO-7030, 
(c) LCWA60-5050, (d) LCWA60-7030 models. Stresses in MPa.
Figure 8.13 shows the shear stresses in the cement blocks in the CYS Shear-Flat 
coordinate system (Figure 6.2). There was no particular difference in the shear stresses, 
except at the edges. The stresses on the lateral side reduced by 50% due to asymmetrical 
loading and increased by about 25% - 33% on the medial side.
The peak shear stresses were increased from 15% to 20% of the ultimate failure limit 
with asymmetry in the loading. The shear stresses were increased from nearly 80% to 
100% of the estimated endurance limit in the model without a stem extension, while the
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shear stress increased from nearly 85% to 120% of the estimated endurance limit in the 
block augmented model with 60 mm stem extension. The FoS for the fatigue limit in the 
cement with a stem extension is less than 1 and is thus likely to lead to fatigue failure of 
cement and debris from cement. Any non-resorbable debris at the joint site can cause 
problems if it accesses the articulating surfaces of the joint, so advancing the implant 
loosening.
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Figure 8.13: Contour plot of the cement shear stresses for LCBA models without (top) and with 
(bottom) stem extension, with symmetrically (left) and asymmetrically (right) loaded models.
Stresses in MPa.
8-14
8 Comparison of Metal and Cement Augmentation
8.5 Discussion and Conclusion
The FE model demonstrated that compressive stresses within the metal based augments 
were greater than those within the cement based augments. (This was evident with both 
block and wedge designs.). However, the maximum recorded compressive stresses 
within the metal augments were five times less than the endurance limit of the metal 
while the maximum recorded compressive stresses within cement augments were less 
than half of the endurance limit of the cement and with asymmetric loading the 
compressive stresses in the cement augment were up to 85% (without a stem extension) 
and 100% (with a 60 nun stem extension) of the endurance limit in block size defect 
treated with cement; whereas in the cement wedge augmented models these stresses 
were approximately at 80% of the fatigue limit. Considering shear stress the situation 
was even worse with the stresses exceeding the endurance limit in some of the 
configurations.
It was found that the axial stresses were symmetrical under symmetrical loading. The 
implant stresses on the augmented side in a cement augmented model were higher than 
in the corresponding metal augment model, but at similar levels to the LTKR model, 
and within the safety limit of the endurance limit of the metal.
The FE model demonstrated that cement based augments transfer greater loads to the 
underlying bone, because cement undergoes a greater deformation compared to the 
metal based augments. The inherent flexibility of the cement based augments compared 
to the stiff metal allows greater transference of load to cancellous bone, which may 
reduce the possibility of stress shielding, due to reduction in volume of the cancellous 
bone with stresses less than 0.35 MPa (10% reduction in block augmented model and 
15% in wedge augmented model, due to the use of flexible material to treat defect 
compared to metal). However, the compressive and shear stresses within cement based 
augments are close to the endurance limit of the material and, with asymmetric loading, 
even exceed it, and therefore more prone to fatigue failure.
Therefore the study supports the use of metal based augments over cement based 
augment. However, this also suggests that the investigation of less stiff material with
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high strength and fatigue endurance that can be used as a replacement to metal 
augments is potentially very worthwhile.
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9 Conclusion and Future Work
9.1 Conclusions
Finite Element Analysis has been used to undertake virtual in-vivo assessment of 
various configurations of augmented and non-augmented TKR that can be used for the 
treatment of tibial defects along with a non-resected tibia. These configurations are 
based on a standard tibial insert, namely a fixed bearing revision tibial tray. This has 
provided insight and information that can be used to improve surgical decision making 
when dealing with defective bone stock.
A successful methodology has been established for creating the complex 3-dimensional 
assembly models that form the basis of the subsequent finite element analyses from 
patient CT data. A range of approaches were assessed and the most successful was to 
use the CT image processing software SIMPLEWARE to produce a 3D geometric 
model and to import this model into the FE package ABAQUS where all subsequent 
CAD operations, assembly, meshing and modelling was undertaken. Using this 
approach it was found that the user had much more control over the quality of the final 
model.
The 3D FE models of the TKR with the Fixed Bearing tibial insert and no defect 
showed that this configuration formed a stable construct with the component and bone 
stresses lying within their allowable thresholds. Following an extensive literature review 
fatigue endurance limits were used to assess the cortical bone, the implant material and 
the cement whilst bone resorption thresholds were used to assess the cancellous bone. 
Throughout this work the various components that make up the TKR have been 
assessed for their likelihood of failure or loss of integrity. The components can be listed 
in terms of decreasing concern as:
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a) Cement (having a FoS against fatigue failure ranging between 1.25, when used 
either in non-augmented or metal augmented models, to just less than 1 when only 
cement was used to fill the defect)
b) Cancellous bone (the percentage of the proximal bone prone with potential for 
resorption ranging between almost 50% in the metal block augmented model with 
a 60 mm stem extension to less than 25% when a cement wedge augment without 
a stem extension was used)
c) Cortical bone (having a FoS against fatigue failure ranging between 5 to 1.5 for 
proximal bone)
The use of a stem extension generally showed a reduction in stress levels in the 
cancellous bone contributing to a potential increase in stress shielding and thus it is 
recommended that these are not used unless there is some other overriding clinical 
requirement. Further, the stresses at the tip of the stem increased with increasing stem 
length, and these levels of strain were shown to be sufficient to cause mechanical 
damage of the cancellous bone in this region and might lead to stem tip pain.
Micro-movements were not examined in this study. However, if there are micro 
movements and the stem tip touches the diaphyseal cortex in a weight bearing mode 
patients may feel some pain. A clinical study {Manopoulos et al, 2012) suggested that 
clinically no micro-movements were observed in primary or revision TKR but patients 
still complained of pain in the stem-tip region, However, micro-movements less than 2 
mm are not readily detectable in in-vivo radiological examination, because the 
reasonable resolution for measurements should be at least 20% of the measurement size 
(Viceconti et al, 2000) and so the possibility of micro-motion occurring caimot be ruled 
out. Manopoulos et al. (2012) stated that there are some progressive or non-progressive 
radiolucent and sclerotic lines post TKR. They suggested that such lines do not mean 
loosening, however they were not able to identify the cause of the pain which suggests 
that there are other reasons for such pain that could be attributed to micro-movements.
The stem extension was modelled either as a press fit in, or firmly attached to, the 
adjacent cancellous bone. The latter fixation resulted in a noticeable increase in stress 
shielding in the proximal cancellous bone and this provides a good reason for not using 
this fixation technique in practice.
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The analysis of the augmented TKR configurations demonstrated that, contrary to some 
clinical opinion {Chen and Krackow, 1994) or clinical opinion based on femoral studies 
{Patel et al, 2004), wedge augmentation (rather than block augmentation) may provide 
a better approach to treat a defect. This was largely due to improved cement shear stress 
distribution caused by a mechanism termed “reverse-shear” in this research. Contrary to 
an initial perception, the cement shear stresses in the tapered augment are more, not 
less, favourable than the block augment. The study provides support to clinical opinions 
{Brand et al, 1989) and clinical outcomes for the safe use of metal wedge augments 
reported by Jeffery et al (1994). Rand (1995), though, cautioned that the use of metal 
augments should be limited to elderly patients, and allograft or autograft technique 
should be used in younger patients.
The TKR models were loaded symmetrically and asymmetrically on the medial and 
lateral sides of the tibia. The results were quite different and showed the risk in 
considering just one loading situation. The knee joint experiences a range of 
physiological loading, and until there is general agreement about the distribution of 
physiological load on the medial and lateral condylar surfaces, models should be 
analysed using the range of asymmetrical load conditions.
The bone in the proximal region of the tibia was found to be more prone to bone 
resorption in the augmented rather than the non-augmented models. Further, the block 
augmented models were found to be more prone to bone resorption compared to the 
wedge augmented models. This therefore, provides another reason for using wedge 
augments rather than block augments.
The use of a cement augment was found to provide a more favourable stress distribution 
in the cancellous bone, by transferring the loads in a less concentrated manner than the 
metal augment. However, notwithstanding this, metal augments are still recommended 
as the cement augment was shown to be operating too close to its fatigue endurance 
limits, supporting the clinical evidence for using metal augments compared to cement 
augments {Jeffery et al, 1994). However, the study showed that there is scope for 
investigating a better material for augmentation.
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9.2 Summary of Limitations
The tibial cortex of the model contained geometrical inaccuracies due to the quality of 
the CT scan and the 3D model reconstruction process. These geometrical limitations 
resulted in increased uniformity in the bone thickness, tending to reduce the thickness of 
the medial cortex and increase the thickness of the lateral cortex. This will cause a more 
uniform stress distribution in the bone than might occur in practice. A thinner cortex 
might be expected to sustain higher stresses than shown in this study, and thus the 
likelihood of fatigue failure of the cortical bone may be underestimated. Further a 
thicker cortex might be expected to carry more of the load, resulting in lower stresses in 
the cancellous region. Thus, in practice, the cancellous bone stresses may be a little 
lower on the medial side and higher on the lateral side.
The cancellous bone properties used in the modelling were not only homogenous but 
were also based on healthy bone stock. Both of these assumptions will affect the stress 
distribution. In practice the cancellous bone on the medial side is known to be denser 
(higher modulus) than the lateral side of the proximal tibia, which is also evident from 
Appendix A. Further, the modulus should be higher proximally than distally. The result 
would be a re-distribution of the cancellous bone stresses, which would shift the stresses 
towards bone regions with higher elastic moduli. This might increase the possibility of 
cancellous bone resorption on the lateral side while decreasing it on the medial side At 
the same time the higher bone modulus in the proximal than diaphysis region may 
reduce the amount of bone material prone to resorption by increasing the load transfer 
and hence the stresses in the proximal region.
The cancellous bone was further extended into the diaphyseal region of the tibia, 
resulting in an unrepresentative reaction force at the tip of the stem-extension (stress 
dumping). With no bone in the tibial diaphysis, the stress will increase in the proximal 
region, both in the cancellous and the cortical bone. This in turn may reduce the volume 
of the cancellous bone that is below the bone resorption threshold but might increase the 
likelihood of fatigue failure in the cortical bone.
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It should, however, be noted that the bone loss thresholds are specified in terms of 
strain. With a varying cancellous modulus an increase in cancellous bone stress does not 
necessarily imply an increase in cancellous bone strain. This further complicates 
understanding how these limitations may affect the results presented.
Simplified pressure loads were applied and although these had a component of AP load, 
the AP frictional force is was not modelled. Thus the study was primarily based on the 
axial loads without the effect of the AP forces. Including these forces would be likely to 
increase the shear loading, and hence increase the cement shear stresses from the values 
reported in this thesis.
9.3 Future Work
In light of the previous section a key area for future work will be to consider a more 
realistic distribution of cancellous material properties. Probably the best way of 
achieving this will be to use the grey scale values of the CT data used to construct the 
FE model in this work.
As indicated above the stresses at the tip of the stem increased with increasing stem 
length. This corresponds to the clinical observation of the consultant, linking this 
increased pain with stem extensions. Therefore, if there is an over-riding clinical 
requirement for a long stem extension methods to reduce these stresses, including the 
use of external plate attachment or re-design of stem-extension need to be investigated 
in more detail.
The outcome of the findings that tapered augments are in general more favourable than 
block augments needs to be further investigated with in-vitro and possibly in-vivo 
experimental models. For example saw-bone models can be constructed with various 
augments and instrumentation techniques, and the different augments compared.
In the treatment of the knee deformity, one of the many clinical practices to produce the 
proximal tibial plateau is to resect the hardened “ebumated” surface that can occur at
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the knee joint under the femoral condyle. This can result in excessive bone stock 
removal. However, there are other practices that were not considered in this study 
including not treating the surface or changing the topology of it by mechanical means 
(drilling, slotting etc.). The bone-cement interface has always been an independent area 
of research. Therefore, an experimental study should be considered to understand the 
effect of the bone-cement surface interaction in the stability of augments. Data from 
this can then be used to update the current FE models and design allowables with the 
findings of the mechanical properties of the bone-cement interfaces.
Following from the above, interfaces between components in the model were treated as 
either fully tied or using contact with an assumed friction value. There is considerable 
scope to considerably enhance this interface modelling, including interface strength and 
interface damage modelling. This would then enable the effects of interface modelling 
on the bone stresses to be better assessed.
The study was valuable in showing the advantage of one augment type over another. 
The scope of the findings should be further extended to establish optimum protocol over 
the range of defect sizes. The FEA study could be combined with an in-vitro study 
using implanted saw bones to represent the configurations being considered. Finally a 
full clinical investigation of the treatment of augmented TKR can be undertaken.
In this study only one position of the gait was considered, where the bone-to-bone 
contact forces were maximum, with minimal load transfer through the ligaments. 
However, the stresses at the ligament attachment points will have an effect on the bone 
remodelling over time, and hence the rate and quantity of bone resorption. Therefore the 
study can be expanded to model the loading over the complete gait cycle and see the 
change in bone stresses that occur
Further, the modelling undertaken for this research has not included any form of 
simulated bone remodelling. A useful next step would be to incorporate bone 
remodelling algorithms that are currently under development at the University and are 
already being implemented in two dimensional FE modelling. This should lead to a 
better understanding and prediction of the long term stability of these implants.
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A. APPENDIX: Long Tibia Full Bone Model
This appendix discusses the stress distribution in the non-resected tibia model when 
subjected to the load used in the long TKR models. As well as giving typical levels of 
stress in a “normal“ tibia for comparison with implanted knees, this section also 
discusses how the load transfers between the cancellous bone and cortical bone.
A.1 Modelling Properties
The tibia model with cancellous and cortical regions was created using CT scans as 
explained in Chapter 3. The model was meshed in ScanFE and the resultant mesh was 
transferred to ABAQUS. The assumed moduli and Poisson’s ratios for the bone 
materials were taken as follows: cancellous bone, elastic modulus = 700 MPa and 
Poisson’s ratio = 0.30; and cortical bone, elastic modulus = 17GPa and Poisson’s ratio = 
0.30. There were 824,500 tetrahedral quadratic elements and Figure A l.l shows a mesh 
plot of the proximal end of the tibia. The total load of 3600 N was applied on the 
contact patches as shown in Figure A 1.2. The contact patches used in this study, are 
based on the average of the results from the studies of Funk et al. (2006), Sharma et a l 
(2007), Yildirim et a l (2007) and Wehner et a l (2009). The load applied was the same 
as that applied to the implanted tibia, being four times the body weight of a 90 kg 
person, and was subjected to symmetric loading. There is no relative motion between 
the internal surfaces of the cortical bone and the outer surface of the cancellous bone, 
and hence they were tied together. The base of the model was constrained in all 
directions.
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Figure A l.l:  Mesh plot of the proximal end of the tibia.
A
Posterior
Figure A1.2: Condylar surfaces of tibia showing contact pressure patches.
A.2 Results
The base of the model is aligned with the X-Y plane, where X, Y and Z are directed 
towards the medial, posterior and distal directions respectively.
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A.2.1 Displacement
Figure A1.3(a and b) shows that the model defonned towards posterior-lateral side, due 
to the shape of the tibia. A maximum displacement of 1.814 mm was observed. The 
displacements in the model due to bending were 1.17 mm in the lateral and 1.38mm in 
the posterior directions. The maximum displacement in the axial direction was on the 
lateral side (0.787 mm) which was three times the displacement on the medial side ( - 
0.276 mm), as shown in figure A1.3(c).
U, M agnitude
1 .8 1 4
1 .6 6 3
1 .5 1 2
1 .3 6 1
1 .2 0 9
1 .0 5 8
0 .9 0 7
0 .7 5 6
0 .6 0 5
0 .4 5 4
0 .3 0 2
0 .1 5 10.000
U, U 3
0 .7 8 7  
0 .6 9 8  
0 .6 1 0  
0 .5 2 1  
0 .4 3 3  
0 .3 4 4  
0 .2 5 6  
0 .1 6 7  
0 .0 7 8  -0.010■ - 0 .0 9 9  
- 0 .1 8 7  
- 0 .2 7 6
(c)
Figure A1.3: (a) Top-vlew of deformed and undeformed shape, (b) Contour plot showing the 
overall displacement; (c) Displacement in axial direction. (Magnitude in mm)
A.2.2 Von Mises Stresses
Figure A1.4 (a) shows a contour plot of the von Mises stresses. It can be seen that the 
stresses in the posterior region are higher than the anterior and increase down the length 
of the tibia. The figure A 1.4 (b) shows a top view of the model, where the stresses are 
distributed over a larger region on the lateral side. On the top of the tibia the cortical 
shell is thicker on the medial side (as shown in figure A1.5), which makes medial side 
less able to deforni and to diffuse stresses compared to the lateral side. Figure A1.5 
shows that the equivalent stresses in the cancellous and cortical bone generally decrease 
from the posterior to the anterior region. The stresses in the diaphysis region also 
decrease from the lateral to the medial side, due to the bending in the lateral direction 
reinforcing the axial compressive loads on the lateral side.
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The maximum cortical stresses occur in the condylar surfaces (Fig A 1.4). The average 
stress over 12 elements in the high stress regions are, on the medial side around 75 MPa 
and on lateral side around 112 MPa. In the cancellous bone, the maximum stresses 
(below the lateral and medial condylar surfaces. Fig A1.5) were 22 MPa and 15MPa 
respectively.
S, M ises 
(A vg: 7 5 % )  
2 1 8 .4 1 4  
6 0 .0 0 0
5 5 .0 0 0
5 0 .0 0 0
4 5 .0 0 0
4 0 .0 0 0
3 5 .0 0 0
3 0 .0 0 0
2 5 .0 0 0
20.000 
1 5 .0 0 0■ 1 0 .0 0 0  
5 .0 0 0  
0.000
Anterior
Posterior
Figure A1.4: (a) Contour plot showing the equivalent stresses in the whole model; (b) Top view
(Stresses in MPa)
S, Mises 
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3 .0 0 0
2.000 
1.000  
0 .5 0 0■ 0 .200  0.100 0.000
Figure A1.5: Contour plots of von-Mises stresses with view-cuts at (A) coronal plane passing 
through middle of the contact patches; (B) transitional plane between A and C; (C) mid-coronal
plane of tibia. (Stresses in MPa)
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A.2.3 Load Transfer
Figure A1.6 shows the load transfer between the cortical and cancellous bone regions. 
The bulk of the condylar region is cortical shell, therefore the cortical region initially 
carries about 42% load, which decreases rapidly to 16% of the total load. This load then 
increases in the cortical bone as it is transferred from the cancellous bone, until the 
beginning of the diaphysis region where it carries about 94% of the load and then it 
stabilises to carry about 97% of the load at the base.
3600
3200
w) 2800
I 2400
I  2000 
.5 1600 
ro 1200
800
400 -f
17 29 49 69 89 105 121 135 1517
Distance in mm
■Cortical Bone — Cancellous Bone
Figure A1.6: Plot showing the load transfer in bone model with the scale showing relative position
with respect to tibia.
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A.2.4 Normal Stress Distribution
Figure A 1.7 shows a contour plot of axial direct stresses in the tibia. The stresses 
become less symmetric with increasing distance from the proximal epiphysis region^ 
The stress magnitude reduces from the posterior to the anterior region; and from the 
lateral to the medial region. This is because the model is bending in the posterior-lateral 
direction. The bending stresses are dominant compared to compressive stresses, because 
the lateral surface of the cortical bone is under compression and medial side under 
tension. There is local bending in the proximal epiphysis lateral and medial comers, due 
to the application of the load.
A.2.5 Discussion
The results should be approached with caution, due to the limitations of the assumptions 
of using uniform sized elements with homogenous material properties. However, an 
understanding of the cancellous and cortical stresses in the tibia gives an insight into 
possible bone remodelling. Figure A1.8 shows one such consideration, where the 
contour plots of axial stresses and equivalent stresses are taken and compared with CT 
scans. Data are taken at the mid-coronal plane, and the CT images show compact bone 
growth under the condylar surfaces and the axial stresses show high compression in 
those regions. The contour plot of von-Mises and axial stresses in the epiphysis regions 
shows the areas with compact bone (high stresses) and spongy regions (stresses with 
less than 1 MPa). This comparison is not fully complete without the analyses of stresses 
at various points during gait and considering heterogeneous bone material properties. 
Nevertheless, this study still provides an estimate to compare cancellous and cortical 
bone stresses with post knee arthroplasty analyses.
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Figure A1.7: Contour plots of axial stresses with view-cuts at (A) coronal plane passing through 
middle of the contact patches; (B) transitional plane between A and C; (C) mid-coronal plane of
tibia. (Stresses in MPa)
S, 533  
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(d)
Figure A1.8: View cuts at mid-coronal plane showing contour plots of (a) axial stresses; (b) von- 
Mises stresses; and (c) a CT-scan of tibia in longitudinal plane, (d) a micro-CT scan of proximal
tibial region. (Stresses in MPa)
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Articular cartilage 
Trabecular bone
S pace occupied by 
red marrow
Cortical bone  
Medullary cavil)'
Yellow marrow
Pariosteum
Epiphyseal disks
Prodrrial
epiphysis
—  Diaphysis
Distal
epiphysis
Femur
Figure depicting the main regions of bone in a long bone. The compact cancellous bone is the Epiphysis 
region. This figure shows the cut-view of a femur, however the basic terminology remain same for tibia. 
{Adpatedfrom the works of Ali MSadegh)
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Abstract:
Introduction:
Approximately 500,000 knee replacements are performed annually in the UK and 
approximately 12% o f those involve revision knee surgery. Defective bone stock 
requires the use o f augments to stabilise the tibial plate. In these cases, current clinical 
practice is to use an extended implant stem to ensure stability. The problem with this is 
that it reduces the potential for future knee revisions. Biomeehanieal analysis o f this 
procedure is being undertaken in order to determine best practice.
Methodology:
1) 3D geometric models o f the implanted knee can be generated from CT scans using 
image processing and visualisation software. These models can be subjected to a 
range o f static load cases and analyses using finite element analysis with the amount 
o f defected tibia and augments varied. Results will be compared to the clinical 
practices o f implantation o f endoprosthesis and will provide important insight into the 
initial stability o f various implantation schemes.
2) To assess longer term stability FEA bone remodelling will be performed. Regions o f 
stress shielding and localised overloading in bone have been identified which 
correspond to areas identified as liable to bone loss and prosthesis instability in 
clinical practice. The bone remodelling algorithms can provide support to this 
analysis by calculating modulus, bone density changes and damage in areas adjacent 
to the prosthesis.
Conclusion:
The study will evaluate the significance o f bone preservation and implants used with 
respect to stresses and compare it with clinical practices. The results are open question 
for research and validation considering bone remodelling and other biological factors.
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APPLICATION OF BONE REMODELLING ALGORITHMS TO 
AUGMENTED KNEE ARTHROPLASTY
Brendan Frehill\  Yash AgarwaP, Andrew D. Crocombe^ and Serge Cirovic^
 ^Faculty o f  Engineering o f  Physical Sciences, University o f  Surrey, Guildford, UK  
 ^Centre fo r  Biomedical Engineering, University o f  Surrey, Guildford, UK
E-mail: b.frehill@surrey.ac.uk
The change in the modulus of bone in the proximal tibia due to bone remodelling 
following total knee replacement (TKR) is of great interest in the study of loosening, 
migration and long-term stability of implants. Analysis of clinical data from TKR studies 
have identified areas of stress-shielding, bone loss and localised overloading of bone. Static, 
finite element modelling (initially 2D axisymmetric and later extended to more complex 3D 
models) of TKR coupled with bone remodelling algorithms can be used to replicate these in- 
vivo conditions. The bone remodelling algorithms can provide support to this analysis by 
calculating modulus, bone density changes and damage in areas adjacent to the prosthesis and 
with comparisons to clinical data.
The average principal strain is employed as the stimulus for remodelling and the algorithm 
is incorporated as a user-defined subroutine (USDFL) in the finite analysis. Threshold strain 
values are applied to the model to determine if bone formation or resorption occurs at the 
particular element/region. These algorithms will then be extended to augmented TKR models 
to analyse the long term stability of such features. Augments are used in clinical practice to 
stabilise the tibial tray and reduce the need for resection of valuable bone in patients with 
bone defects of various depth and location usually due to osteoporosis in the proximal tibia. 
The results showing the level of remodelling for a suitable time period (e.g. 3, 6 and 12 
months) and appropriate load cycles following augmented TKR will be discussed.
Results will prove to be a valuable source to orthopaedic surgery concerning choice of 
prosthesis and augment type based on the degree of bone loss predicted by the finite 
modelling for various prosthesis/augment combinations. Future work may include the 
extension of these algorithms to predict damage in areas of increasing strains.
A p p lic a t io n  o f  B o n e  R e m o d e llin g  A lg o r ith m s  to  K n ee  A r th r o p la s ty
B. FrehilP and A.D. Crocombe^ and S. Cirovic^ and Y. Agarwaf
^Faculty of Engineering and Physical Sciences, University of Surrey, Guildford, UK 
^Centre of Biomedical Engineering, University of Surrey, Guildford, UK
Abstract
The change in the modulus o f  bone in the proximal tibia due to 
bone remodelling following total knee replacement (TKR) is o f  
great interest in the study o f  loosening, migration and long-term 
stability o f  implants. Analysis o f  clinical data from  TKR studies 
have identified areas o f  stress-shielding, bone loss and localised 
overloading o f  bone. Static, finite element (FE) modelling o f  
TKR coupled with bone remodelling algorithms can be used to 
replicate these in-vivo conditions. The bone remodelling 
algorithms provide support to this analysis by calculating 
modulus and bone density changes in areas adjacent to the 
prosthesis. The use o f  the average principal strain as the stimulus 
fo r  remodelling in conjunction with threshold strain values is 
described and investigated with a proximal tibia cemented TKR 
model (post and pre-implantation) with a symmetric loading 
state. Results show regions prone to bone loss and formation 
similar to that observed clinically. Results will prove to be 
valuable to orthopaedic surgery concerning choice o f  prosthesis 
and use o f  augments based on the degree o f  bone loss predicted 
fo r  various prosthesis material, cement, stem length and augment 
combinations.
Keywords
Bone Remodelling; Finite Element; Bone Modulus 
Introduction
The number of total knee replacement (TKR) surgeries has 
increased steadily since 1980 worldwide with an associated 
increase in revision surgeries performed. Loosening/migration of 
prosthesis has been identified as a primary cause for revision 
surgery [1] and thus an analysis of the initial and long term 
stability of TKR is necessary to address the high revision rate.
Bone remodelling is a naturally occurring process which occurs 
as a result o f the internal adaptation of the bone to stimuli and the 
maintenance of bone in response to internal and external signals 
(e.g. loading, disuse and hormonal influences). The study of this 
structural adaptation can be extended to implants/prostheses to 
assess areas of possible bone resorption and formation which 
may lead to early failure of the prostheses. Stress-shielding 
commonly occurs following TKR due to the higher elastic 
modulus value of materials used in comparison to that of bone. 
Thus methods to improve prosthesis design to reduce the level of 
bone resorption and possible prosthesis loosening can be 
investigated.
Bone remodelling algorithms are used coupled with finite 
element (FE) models to determine the regions of bone susceptible 
to resorption (and thus loosening/migration and instability) after 
TKR. Several remodelling criteria have been proposed with 
different stimuli used as the driving force for remodelling. These 
include a strain energy density stimulus, damage stimulus or the 
maximum/minimum principal strain stimulus. FE models 
incorporating these algorithms have been tested using bone
models (e.g. 2D proximal femur) to determine their suitability for 
analysis of bone adaptation.
Materials and Methods 
A Remodelling Algorithm
The algorithm implemented in the remodelling analysis presented 
here was based on a uniform strain criterion initially proposed by 
Cowin and Hegedus [2] according to the equations:
d E
dt
0 i f
£ < 
€, < £ <
£ > £.
(1)
where E is the elastic modulus, e is the average principal strain, 
81 and 82 are target strains of 0.002 and 0.003 respectively, C is 
the nonlinear exponent of strain-adaptive remodelling which has 
a value of 2 for bone resorption (i.e. 8 < 81) and 3 for bone 
formation (i.e. 8 > 82) and B is a remodelling constant which has 
a value of 20. These values have been found to closely match 
remodelling trends. The value of (8-81) is commonly referred to 
as the absolute value of the error and depends on the value of e 
for the time increment (e.g. 1 day). Figure 1 shows the above 
equation represented graphically with the equilibrium zone 
highlighted. Thus the value of the elastic modulus for every 
element is updated at the end of each time increment until the 
required time is reached. Maximum and minimum values o f E 
were chosen as 0.01 MPa (total resorbed bone) and 13.5 GPa 
(cortical bone). The maximum value of E was evaluated as the 
average value of cortical human bone in the longitudinal and 
transverse directions. This remodelling algorithm is incorporated 
as a user-defined field subroutine (USDFLD) in the FE analysis.
*l3Z/ o r equilibrium zone
Figure 1. Graph that governs the change in modulus rate depending on 
value of average principal strain value
B FE models
Two-dimensional, static, finite element models were created of  
the proximal tibia post and pre-implantation of a cemented 
prosthesis with a 35mm stem (see Fig. 2). Plane strain FE 
analysis was performed using ABAQUS 6.7 software (Simulia, 
Warrington, UK). Eight-noded quadratic reduced integration 
finite-element elements were used for all materials in both 
models. The pre-implantation model consisted o f 4893 bone
elements while the TKR model consisted of 327 polyethylene 
elements (tibial insert), 731 titanium elements (tibial tray and 
stem), 124 PMMA elements (cement) and 3676 bone elements. 
Table 1 shows the mechanical properties of the materials used. 
No relative motion was permitted between the various interfaces 
in the model. All components were assumed to be isotropic, 
homogeneous and linearly elastic.
Material E  (MPa) 1)
PMMA 2270 0.23
UHMWPB 2 2 3 0 0.25
Ti4AL6V 110000 0.33
Table 1. Materials used in TKR model
The distal end of the tibia was constrained in all directions. A 
joint reaction force (JRF) of 2058 N (3 times body weight) was 
applied to the condyles with an even distribution to both condyles
[3]. The loading frequency used was 8000 cycles per day in both 
models. Begirming with a homogenous elastic modulus value of 
6750 MPa (mid-value of completely resorbed and cortical bone) 
[5] the simulations were run for 500 days by which time bone 
changes were small. Resorption and formation of bone were 
classified as loss and increase respectively of elastic modulus 
over time at a particular element.
Lateral side Medial side
L
Figure 2. Components o f the TKR model and loading forces applied. 
Results and Discussion
In both models cortical bone was formed along the lateral and 
medial sides of the tibia. The exclusion of the patellar ligament 
and collateral ligaments on the tibia may cause inaccuracies in 
the results. The models also had lower modulus bone in its 
proximal region with bone of greater modulus value occurring 
distally (Fig. 3) similar to what occurs in human proximal tibia. 
These results compare favourably with other research [3].
Figure 3.(a) TKR model and (b) non-TKR model showing bone modulus 
distribution after 500 days showing regions o f bone loss (dark black) and 
bone gain (grey).
Fig. 3a shows regions of severe bone loss between the tibial tray 
and stem. Some elements in these regions underwent complete 
resorption after 1500 days which is a common feature identified 
in revision surgery with all stem designs [4]. This bone loss 
became less severe moving distally from the tibial tray. Regions 
further distally predicted no remodelling as these elements lie in 
the equilibrium zone. The use of average principal strain as the 
stimulus for remodelling is used to represent the anisotropic 
elastic properties of bone. This is a large oversimplification of the 
properties of bone but has nevertheless been shown to predict 
somewhat accurate bone remodelling distributions in other 
research [5]. Also the assumption of all elements in the model 
having an initial uniform modulus value would have greatly 
affected the results.
Conclusions
The models detailed identity stress-shielded areas of bone where 
failure is likely to occur in a TKR model. The models can be 
utilized to predict the most suitable form of implant for a 
particular patient including choice of prosthesis material, use of 
augments etc. whereby an FE model of the patients’ bone can be 
created using CT data. The models will be enhanced to include 
the influence of ligaments present in the joint.
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The change in the modulus of bone in the proximal tibia due to bone remodelling 
following total knee replacement (TKR) is of great interest in the study of loosening, 
migration and long-term stability of implants. Analysis of clinical data from TKR studies 
have identified areas of stress-shielding, bone loss and localised overloading of bone. Static, 
finite element modelling (initially 2D axisymmetric and later extended to more complex 3D 
models) of TKR coupled with bone remodelling algorithms can be used to replicate these in- 
vivo conditions. The bone remodelling algorithms can provide support to this analysis by 
calculating modulus, bone density changes and damage in areas adjacent to the prosthesis and 
with comparisons to clinical data.
The average principal strain is employed as the stimulus for remodelling and the algorithm 
is incorporated as a user-defined subroutine (USDFL) in the finite analysis. Threshold strain 
values are applied to the model to determine if bone formation or resorption occurs at the 
particular element/region. These algorithms will then be extended to augmented TKR models 
to analyse the long term stability of such features. Augments are used in clinical practice to 
stabilise the tibial tray and reduce the need for resection of valuable bone in patients with 
bone defects of various depth and location usually due to osteoporosis in the proximal tibia. 
The results showing the level of remodelling for a suitable time period (e.g. 3, 6 and 12 
months) and appropriate load cycles following augmented TKR will be discussed.
Results will prove to be a valuable source to orthopaedic surgery concerning choice of 
prosthesis and augment type based on the degree of bone loss predicted by the finite 
modelling for various prosthesis/augment combinations. Future work may include the 
extension of these algorithms to predict damage in areas of increasing strains.
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Abstract
The change in the modulus o f  bone in the proximal tibia due to 
bone remodelling following total knee replacement (TKR) is o f  
great interest in the study o f  loosening, migration and long-term 
stability o f  implants. Analysis o f  clinical data from TKR studies 
have identified areas o f  stress-shielding, bone loss and localised 
overloading o f  bone. Static, finite element (FE) modelling o f  
TKR coupled with bone remodelling algorithms can be used to 
replicate these in-vivo conditions. The bone remodelling 
algorithms provide support to this analysis by calculating 
modulus and bone density changes in areas adjacent to the 
prosthesis. The use o f  the average principal strain as the stimulus 
fo r  remodelling in conjunction with threshold strain values is 
described and investigated with a proximal tibia cemented TKR 
model (post and pre-implantation) with a symmetric loading 
state. Results show regions prone to bone loss and formation 
similar to that observed clinically. Results will prove to be 
valuable to orthopaedic surgery concerning choice o f  prosthesis 
and use o f  augments based on the degree o f  bone loss predicted 
fo r  various prosthesis material, cement, stem length and augment 
combinations.
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Introduction
The number of total knee replacement (TKR) surgeries has 
increased steadily since 1980 worldwide with an associated 
increase in revision surgeries performed. Loosening/migration of 
prosthesis has been identified as a primary cause for revision 
surgery [1] and thus an analysis of the initial and long term 
stability of TKR is necessary to address the high revision rate.
Bone remodelling is a naturally occurring process which occurs 
as a result of the internal adaptation of the bone to stimuli and the 
maintenance of bone in response to internal and external signals 
(e.g. loading, disuse and hormonal influences). The study of this 
structural adaptation can be extended to implants/prostheses to 
assess areas of possible bone resorption and formation which 
may lead to early failure of the prostheses. Stress-shielding 
commonly occurs following TKR due to the higher elastic 
modulus value of materials used in comparison to that of bone. 
Thus methods to improve prosthesis design to reduce the level of 
bone resorption and possible prosthesis loosening can be 
investigated.
Bone remodelling algorithms are used coupled with finite 
element (FE) models to determine the regions of bone susceptible 
to resorption (and thus loosening/migration and instability) after 
TKR. Several remodelling criteria have been proposed with 
different stimuli used as the driving force for remodelling. These 
include a strain energy density stimulus, damage stimulus or the 
maximum/minimum principal strain stimulus. FE models 
incorporating these algorithms have been tested using bone
models (e.g. 2D proximal femur) to determine their suitability for 
analysis of bone adaptation.
Materials and Methods 
A Remodelling Algorithm
The algorithm implemented in the remodelling analysis presented 
here was based on a uniform strain criterion initially proposed by 
Co win and Hegedus [2] according to the equations:
d E
dt i f
S <
< £ < S2 
£ >  £2
(1)
where E is the elastic modulus, s is the average principal strain, 
E] and £2 are target strains of 0.002 and 0.003 respectively, C is 
the nonlinear exponent of strain-adaptive remodelling which has 
a value of 2 for bone resorption (i.e. E < e ,) and 3 for bone 
formation (i.e. e  > £2) and B is a remodelling constant which has 
a value of 20. These values have been found to closely match 
remodelling trends. The value of ( e - E i )  is commonly referred to 
as the absolute value of the error and depends on the value of e  
for the time increment (e.g. 1 day). Figure 1 shows the above 
equation represented graphically with the equilibrium zone 
highlighted. Thus the value of the elastic modulus for every 
element is updated at the end of each time increment until the 
required time is reached. Maximum and minimum values o f E 
were chosen as 0.01 MPa (total resorbed bone) and 13.5 GPa 
(cortical bone). The maximum value of E was evaluated as the 
average value of cortical human bone in the longitudinal and 
transverse directions. This remodelling algorithm is incorporated 
as a user-defined field subroutine (USDFLD) in the FE analysis.
"lazy" or equHibrtum u ons
Figure 1. Graph that governs the change in modulus rate depending on 
value of average principal strain value
B FE models
Two-dimensional, static, finite element models were created of 
the proximal tibia post and pre-implantation of a cemented 
prosthesis with a 35mm stem (see Fig. 2). Plane strain FE 
analysis was performed using ABAQUS 6.7 software (Simulia, 
Warrington, UK). Eight-noded quadratic reduced integration 
finite-element elements were used for all materials in both 
models. The pre-implantation model consisted o f 4893 bone
elements while the TKR model consisted of 327 polyethylene 
elements (tibial insert), 731 titanium elements (tibial tray and 
stem), 124 PMMA elements (cement) and 3676 bone elements. 
Table 1 shows the mechanical properties of the materials used. 
No relative motion was permitted between the various interfaces 
in the model. All components were assumed to be isotropic, 
homogeneous and linearly elastic.
Material E (MPa) V
PMMA 2270 0.23
UHMWPE 2230 0.25
Ti4AL6V 110000 0.33
Table 1. Materials used in TKR model
The distal end of the tibia was constrained in all directions. A 
joint reaction force (JRF) of 2058 N (3 times body weight) was 
applied to the condyles with an even distribution to both condyles
[3]. The loading frequency used was 8000 cycles per day in both 
models. Beginning with a homogenous elastic modulus value of 
6750 MPa (mid-value of completely resorbed and cortical bone) 
[5] the simulations were run for 500 days by which time bone 
changes were small. Resorption and formation of bone were 
classified as loss and increase respectively of elastic modulus 
over time at a particular element.
Medial sideLateral side
L.
Figure 2. Components o f the TKR model and loading forces applied. 
Results and Discussion
In both models cortical bone was formed along the lateral and 
medial sides of the tibia. The exclusion of the patellar ligament 
and collateral ligaments on the tibia may cause inaccuracies in 
the results. The models also had lower modulus bone in its 
proximal region with bone of greater modulus value occurring 
distally (Fig. 3) similar to what occurs in human proximal tibia. 
These results compare favourably with other research [3].
Figure 3.(a) TKR model and (b) non-TKR model showing bone modulus 
distribution after 500 days showing regions o f bone loss (dark black) and 
bone gain (grey).
Fig. 3a shows regions of severe bone loss between the tibial tray 
and stem. Some elements in these regions underwent complete 
resorption after 1500 days which is a common feature identified 
in revision surgery with all stem designs [4]. Tliis bone loss 
became less severe moving distally ft-om the tibial tray. Regions 
further distally predicted no remodelling as these elements lie in 
the equilibrium zone. The use of average principal strain as the 
stimulus for remodelling is used to represent the anisotropic 
elastic properties of bone. This is a large oversimplification of the 
properties of bone but has nevertheless been shown to predict 
somewhat accurate bone remodelling distributions in other 
research [5]. Also the assumption of all elements in the model 
having an initial uniform modulus value would have greatly 
affected the results.
Conclusions
The models detailed identify stress-shielded areas of bone where 
failure is likely to occur in a TKR model. The models can be 
utilized to predict the most suitable form of implant for a 
particular patient including choice of prosthesis material, use of 
augments etc. whereby an FE model of the patients’ bone can be 
created using CT data. The models will be enhanced to include 
the influence of ligaments present in the joint.
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In troduction
Defective bone stock requires the use of augments to stabilise 
the tibia! plate. Approximately 600,000 total knee replacements 
(TKR) are performed annually in the US alone and 
approximately 10%-12% of those involve revision knee surgery 
worldwide. In these cases, current clinical practice is to use an 
extended implant stem to ensure stability. The problem with 
this is that it reduces the potential for future knee revisions. 
Augments are used in clinical practice to stabilise the tibial tray 
and preserve the healthy bone in patients with varying depths 
of bone defects in proximal tibial. Analysis of clinical data has 
identified the regions of bone loss, stress shielding and 
localised overloading in bone. Biomechanical analysis of this 
procedure is being undertaken in order to determine best 
practice. Static finite element modelling coupled with 
remodelling algorithms can provide support to replicate the in- 
vivo condition.
M ethodo logy
3D geometric models of the implanted knee can be generated 
from CT scans using image processing and visualisation 
software. These models can be subjected to a range of static 
load cases  and analyses using finite element analysis with the 
amount of defected tibia and the size of augments varied. 
Results will be compared to the clinical practices of 
implantation of endoprosthesis and will provide important 
insight into the initial stability of various implantation schemes.
C o n clu sio n
Results will prove to be valuable source to orthopaedic surgery 
concerning choice of prosthesis and augment based on the 
degree of bone loss predicted by the analytical modelling for 
various prosthesis and augment combinations. The results will 
form base for further research and validation considering bone 
remodelling and other biological factors.
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1. INTRODUCTION
A pproxim ate ly  6 0 0  000  [1] to ta l k n ee  r e p la c e m e n ts  (TKR) a re  p e rfo rm ed  annua lly  
in th e  US a lone  an d  a p p ro x im a te ly  1 0 % -1 2 %  of th o s e  involve revision k n ee  
su rg e ry .  Defective b one  s to ck  req u ire s  th e  u se  of a u g m e n ts  to  s tab ilise  th e  tibial 
plate . In t h e s e  c a s e s ,  c u r re n t  clinical p rac tice  is to  u se  an  e x te n d e d  im p lan t s te m  
to  e n s u re  stability. The p rob lem  with th is  is t h a t  it r e d u c e s  th e  po ten tia l  fo r  fu tu re  
k n ee  revisions. This p a p e r  s u m m a r ie s  th e  u se  of b iom echanica l te c h n iq u e s  a long 
with rem odelling  a lg o r ith m s in o rd e r  to  prov ide su p p o r t  to  rep lica te  th e  in-vivo 
conditions. T h e se  m odels  can  be s u b je c te d  to  a ra n g e  of load c a s e s  using finite 
e le m e n t  ana lys is  with th e  a m o u n t  of d e fec ted  tibia and  th e  size of a u g m e n ts  
varied . A u g m en ts  a re  u sed  in clinical p ractice  to  s tab ilise  th e  tibial t r a y  an d  
p re se rv e  th e  h ea l th y  b o n e  in p a t ie n ts  with vary ing  d e p th s  of b o n e  d e fe c ts  in th e  
proxim al tibial. Analysis of clinical d a ta  h a s  identified th e  reg ions  of b o n e  loss, 
s t r e s s  shielding and  localised overload ing  in bone . R esults  will be  c o m p a re d  to  th e  
clinical p rac tices  of im plan ta tion  of e n d o p ro s th e s e s  an d  will p rov ide an  im p o r ta n t  
insight into th e  initial and  lo n g -te rm  stability  of v a r io u s  im p lan ta tion  s c h e m e s .
2. METHODOLOGY
In th is  p ro jec t ,  ABAQUS (Sim ulia, UK) is u sed  a s  th e  p rim ary  finite e l e m e n t  (FE) 
m odelling tool. O th e r  a d v a n c e d  m odel g e n e ra t io n  so f tw are  such  a s  Simpleware^"^ 
w ere  u sed  to  c re a te  th re e  d im ensional g e o m e tr ic  m ode ls  of th e  im p lan ted  k n e e  
from  th e  CT sc an s .  Rem odelling a lg o r ith m s a re  in co rp o ra ted  a s  a u se r-d e f in e d  
field (USDFLD) su b ro u tin e  in th e  FE analysis .  The m ateria l p ro p e r t ie s  a r e  t a k e n  
from  th e  ra n g e  of re fe re n c e s  [2, 3] and  a re  d esc rib ed  in Table  1. At th is  s ta g e  th e  
m odels  a re  a s s u m e d  to  h a v e  isotropic, h o m o g e n o u s  and  linear e las tic  m a te r ia l  
p ro p ert ie s .
Table 1: Material Properties
Component Young's Modulus Poisson s  Ratio Model
Bone 0 .01  - 13 500  MPa 0 .3 0 2D
C e m e n t 2 .1 5  GPa 0 .4 8 2D /3D
Cortical Bone 17 GPa 0 .3 0 3D
C ancellous Bone 7 0 0  MPa 0 .3 0 3D
Tibial Tray 117 GPa 0 .3 0 2D /3D
Tibial A u g m en t 117 GPa 0 .3 0 2D /3D
Tibial I n s e r t  (UHMWPE) 2 .3  GPa 0 .2 3 2D
2.1 Short-term Stability
The m odel show n in figure 1(A) is a control k n ee  a r th ro p la s ty  m odel with no 
a u g m e n ts  u sed . The m odel is co n s tra in ed  a t  th e  distal end  of th e  tibia, in all six 
d e g re e  of f re e d o m s .  The to tal force applied  is th re e  t im e s  th e  body w eigh t (2058  
N). The re su lts  from  th e  b iom echanical ana lys is  of th e  control m odel will be used  
to  u n d e rs ta n d  th e  FE ana lys is  of a u g m e n te d  k n ee  a r th ro p la s ty .  Figure 1(B) show s 
th e  a u g m e n te d  to ta l k n ee  re p la c e m e n t  m odel with a block a u g m e n t  u sed  to  t r e a t  
a peripheral d e fec t  of 10 m m  d ep th .
Implant Tray
Cement
Cancellous 
Bone
Block
Augment
Cortical
Bone
Figure 1: (A) The control model of TKR with implant, cement and bone regions. (B) TKR model with a bloack
augment with 10 mm depth
2.2 Long-term Stability
Long-term  stability  of tibial im plan ts  is a s s e s s e d  using a b o n e  rem odelling  s tu d y  
(se e  Figure 4) to  locate  a r e a s  of proxim al b one  p ro n e  to  reso rp tion  d u e  to  s t r e s s -  
shielding and  th u s  reg ions  of possible  loosening and  m igration . T he  a lgorithm  
used  is t h a t  b ase d  on a s tra in  s tim ulus  [4] accord ing  to  th e  e q u a tio n s :
dE
dt
C lB {s  —
0
-  £2 )^^
i f (1)
£ > £^
w h ere  E is th e  e las tic  m odu lus ,  e is th e  a v e ra g e  principal s tra in ,  £ 1  and  £ 2  a re  
ta r g e t  s tra in s  of 0 .0 0 1  and  0 .0 0 2  respec tive ly , C l  and  C2 a re  th e  n o n lin ea r  
e x p o n e n ts  of s tra in -a d a p t iv e  rem odelling  which h av e  v a lu es  of 2 for b o n e  
reso rp tion  (i.e. b one  loss will occur w hen  £ < £ 1 ) an d  3 for b one  fo rm atio n  (i.e. 
bone  g row th  will occur  w hen  £ > £2 ) respec tive ly  an d  B is a rem odelling  c o n s ta n t  
which h as  a va lue  of 2 x 10^ M Pa/day. T h e se  v a lu es  w ere  show n to  be th e  m o s t  
su itab le  v a lu es  for m atch ing  clinical d a ta  for b one  loss in th e  p re - im p la n ta t io n  
proximal tibia in a p rev ious  2D rem odelling  ana lys is  [5]. The a lgo r ithm  w as  
applied to  a 2D TKR and  non-TKR m odel a s  show n in Figure 4.
‘lazy’ or equilibrium zone+ve
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Figure 2: Graph that governs rate of change of modulus depending on value of average principal strain.
3. RESULTS AND DISCUSSION
The p re s s u re  load in th e  control 3D m odel w as  applied norm al to  th e  p lane  of th e  
resec tion  tibial su rface . Figure 3 sh o w s  th e  low s t r e s s  reg ions  d u e  to  s t r e s s  
shielding of th e  im plant. The v a lu es  w ere  found to  be ideal for b one  reso rp tion  
and  lower th a n  th o se  identified a s  a b o n e  fo rm ation  b e n c h m a rk  [6 -7 ] .
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Figure 3: Contour plot of the equivalent stresses in the cancellous region of the bone.
(A) Mid section of anterior -posterior view (B) Mid section lateral view.
In th e  b one  rem odelling  s tu d y  th e  TKR m odel p red ic ts  b one  loss (a red u c tio n  of 
m odulus)  a ro u n d  th e  im plan t s te m  c o m p a re d  with th e  n o n - im p lan ted  m o d e l,  a s  
show n in Figure 4.
The s h o r t  te rm  and  long te rm  stability  a n a ly se s  w ere  found  to  be  in 
c o n s is te n t  to  p red ic t reg ions  of bone  fo rm ation  and  reso rp tion . This p re lim inary  
analysis  will be ex p a n d e d  to  include m o re  a c c u ra te  3D tibial TKR m o d e ls  in 
conjunction  with a u g m e n ts  (conical, block and  w ed g e ) .
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Figure 4: 2D tibia bone models showing field variable distribution after 365 days for (A) TKR model and (B) non­
implanted model
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Introduction
feclive bone stock requires the use of augments to stabilise the tibial 
ite and preserve the healthy bone in patients with varying depths of bone 
fects in the proximal tibial. In these cases, current clinical practice is to 
; an extended implant stem to ensure stability. However this reduces the 
tential for future knee revisions. This study summaries the use of 
•mechanical techniques along with remodelling algorithms in order to 
wide support to replicate the in-vivo conditions. These models can be 
ejected to a range of static load cases and analysed using finite elements 
;h the amount of defected tibia and the size of augments varied. Analysis 
clinical data has identified the regions of bone loss, stress shielding and 
alised overloading in bone. Results will be compared to the clinical 
ictices of implantation of endoprosthesis and will provide an important 
ight into the initial and long-term stability of various implantation 
lemes.
2D Initial Stability
o-dimensional (2D) static, finite element (FE) models were created of a 
I knee replacement (TKR) proximal tibia with type-2 defects in the 
itlal plane. Peripheral defect angles of 15° and 30° were considered 
le methods of treating these defects were examined. The four methods 
olved filling the defect with a cement wedge, a cement block, a titanium 
a I wedge and a titanium metal block augment. Stem extensions of 30 
I were also employed with all models to examine the effect of these on 
ss patterns.
Region of 
Interest
. 1: 2D proximal tibia (distal area removed for clarity) o f 15° defect models 
1 (from top left clockwise) metal block, cement block, cem ent wedge and 
tal wedge augments and region of interest (ROI) examined.
I Metal Block | Cement | Metal | Cement
Block I W edge | W edge
Metal Block Cement
I No Stem Extension □  30mm Stem Extension
2: Equivalent stress values of different augm ent procedures for 15° and 
defects for ROI.
idings include that greater tray stiffening afforded by the metal 
jments may lead to reduced stress concentrations. Use of stem extension 
•vides an additional path for stress transfer thus reducing proximal bone 
;sses.
3. 3D initial Stability
Three-dimensional (3D) static, FE models were created of a TKR proximal 
tibia with a non-augmented TKR and type-2 (augmented TKR) defects in the 
sagittal plane. In type-2, peripheral defect depth of 10mm was considered. 
The 3D model was created from the CT Scan data provided by the Royal 
Surrey County Hospital (Guildford, UK) and the tibia models were created 
using Simpleware'*’’”'. The FE analysis was performed in ABAQUS 6.7 
(Simulia, UK).
Fig. 3: 3D FE models o f non-augmented and augm ented TKR with Table 1 showing  
the load transfer at cross-sections (CS1-CS4).
K fflîfn îS !
CS1 CS2 CS3 CS4 CS1 CS2 CS3 CS4
4 8 ,50% 51 .24% 73 .54% 87 .90% 2 6 .75% 51 .09% 7 3 .80% 88.19%
28 .09% 27 .26% 14 .88% 8.62% 14 .03% 29 .4 9 % 15 .23% 9 .00%
22 .57% 20 .85% 11.39% 3 .08% 5 8 .41% 18.83% 10 .72% 2 .54%
0 .84% 0 .65% 0 .19% 0 .40% 0 .81% 0 .60% 0 .25% 0 .2 7 %
Table 1 : Percentage load transfer through each part o f the m odel at various cross- 
sections (shown in fig 3), in non-augm ented and augm ented TKR m odels. Note that 
the load transfer decrease in the im plant and increases in the cortical bone.
Fig. 4: Equivalent stress contour plots of non-augm ented and augm ented TKI 
m odels w ith blue as very low stress region, potential regions for bone resorption.
4. 2D Long Term Stability
The algorithm used is that based on a strain related stimulus for remodelling 
to locate areas of proximal bone prone to resorption due to stress-shielding 
and thus regions of possible loosening and migration. The algorithm is 
incorporated as a user-defined field subroutine and run as a simulation in 
ABAQUS 6.7 (Simulia, UK). The simulation is run over appropriate time 
periods (e.g. 365 days) and the new modulus is updated at the end of each 
time increment (i.e. 1 day).
Fig. 5: Modulus field variable values after 365 days fo r non-TKR, TK R  non­
defect and TKR defect treated with block augm ent m odels (from  left to  right).
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In tro d u ctio n
Defective bone stock requires the use of augments to stabilise 
the tibial plate. Approximately 600,000 total knee replacements 
(TKR) are performed annually in the US alone and 
approximately 10%-12% of those involve revision knee surgery 
worldwide. In these cases, current clinical practice is to use an 
extended implant stem to ensure stability. The problem with 
this is that it reduces the potential for future knee revisions. 
Augments are used in clinical practice to stabilise the tibial tray 
and preserve the healthy bone in patients with varying depths 
of bone defects in proximal tibial. Analysis of clinical data has 
identified the regions of bone loss, stress shielding and 
localised overloading in bone. Biomechanical analysis of this 
procedure is being undertaken in order to determine best 
practice. Static finite element modelling coupled with 
remodelling algorithms can provide support to replicate the in- 
vivo condition.
M ethodo logy
3D geometric models of the implanted knee can be generated 
from CT scans using image processing and visualisation 
software. These models can be subjected to a range of static 
load cases  and analyses using finite element analysis with the 
amount of defected tibia and the size of augments varied. 
Results will be compared to the clinical practices of 
implantation of endoprosthesis and will provide important 
insight into the initial stability of various implantation schemes.
C o n clu sio n
Results will prove to be valuable source to orthopaedic surgery 
concerning choice of prosthesis and augment based on the 
degree of bone loss predicted by the analytical modelling for 
various prosthesis and augment combinations. The results will 
form base for further research and validation considering bone 
remodelling and other biological factors.
LONG-TERM STABILITY ANALYSIS OF AUGMENTED KNEE 
ARTHROPLASTY USING BONE REMODELLING ALGORITHMS
Brendan Frehill (1). Andrew D. Crocombe (1), Serge Cirovic (1), Yash Agarwal (1)
1. Faculty of Engineering and Physical Sciences, University of Surrey, Guildford, UK
Introduction
Peripheral tibial defects in the proximal tibia are a 
common occurrence in patients undergoing total 
knee replacement (TKR) with methods to treat such 
defects having varying success. Clinical studies 
have shown that the use o f cement to fill tibial 
defects has the highest rate of failure due to 
increases in the rate of loosening and fracture 
[Jeffery et al, 1994].
Bone loss in regions of interest (ROIs) adjacent to 
augmented features may play a vital role in the 
incidence o f construct failure due to loosening or 
migration. The objective of this 2D finite element 
(FE) study was to determine if  augmentation 
procedures have a significant effect on bone 
remodelling trends in the proximal tibia. Defects of 
15° and 30° were examined with wedge, cement 
and block augments to fill the defects.
Methods
The algorithm implemented in the remodelling 
analysis was based on a uniform strain criterion 
initially proposed by Co win and Hegedus [1976];
dE
d t '
0  i f  < £ < £ 2
B (£ -£ ,f^  £>£2
where E is the elastic modulus, B is the remodelling 
constant, Si and 62 are target strains and C l and C2 
are the non-linear exponents o f strain-adaptive 
remodelling. Maximum and minimum values of E 
were chosen as 0.01 MPa (total resorbed bone) and 
13.5 GPa (cortical bone).
ROM R0I3 Cement augment Bearing Wedge augment Block augment
/ /' /  \
(A) (B) (C)
Figure 1: Diagram showing augments (A) Cement 
(B) Wedge and (C) Block and ROIs examined.
2D static plane strain FE models with appropriate 
loading and constraints were created of a TKR 
proximal tibia with augments (Figure 1) with eight-
noded quadratic reduced integration elements. The 
initial uniform modulus o f bone was assumed as 
6750 MPa (mid-value of total resorbed and cortical 
bone). Material properties used in the TKR models 
are shown in Table 1.
Material E (GPa) V
PMMA 2.75 0.46
Ti4Al6V 110 0.36
UHMWPE 2.3 0.25
Table 1: TKR Materials [Nyman et al, 2004],
Results
The greatest bone loss occurred in the first six 
months o f simulation with bone modulus changes 
becoming more gradual after this time similar to 
trends found in clinical studies [Li and Nilsson, 
2000]. In all ROIs examined it was found that bone 
experienced the greatest resorption when repaired 
with a metal block augment. Greater bone loss was 
predicted in all ROIs when a 30° augment device 
was used (Figure 2).
R012 ROI3
Figure 2: Predicted modulus values for I5°and 30° 
after 1000 days.
Discussion
The bone remodelling algorithm predicts that the 
higher rate of failure o f cement wedges to fill 
defects is not due to the degree of bone resorption. 
Stress concentrations at the margin o f the defect are 
suggested to be the most likely contributing factor 
to failure. 3D analysis in future work will be 
necessary to verify these predictions.
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1. Introduction
Peripheral tibial defects in the proximal tibia are a common 
occurrence in patients undergoing total knee replacement (TKR) 
with methods to treat such defects having varying success. Clinical 
studies have shown that the use of cement to fill tibial defects has 
the highest rate of failure due to increases in the rate of loosening 
and fracture.
Bone loss in regions of interest (ROIs) adjacent to augmented 
features may play a vital role in the incidence of construct failure 
due to loosening or migration. The objective of this 2D finite 
element (FE) study was to determine if augmentation procedures 
have a significant effect on bone remodelling trends in the 
proximal tibia. Defects of 15° and 30° were examined with wedge, 
cement and block augments to fill the defects.
2. 2D Initial Stability Models
2D static, FE models were created of a TKR proximal tibia with 
type-2 defects in the sagittal plane. Peripheral defect angles of 15° 
and 30° and four methods of treating these defects were examined 
(i.e. filling the defect with a cement wedge, a cement block, a 
titanium metal wedge and a titanium metal block augment). Stem 
extensions of 30 mm were also employed with all models to 
examine the effect of these on stress patterns.
7
ROI 1 ROI 2
;
lazy’ Of equilibrium 2
4. Results
The g rea te s t  bone  loss occurred  in th e  first six months of 
simulation with bone  modulus c h a n g e s  becoming more 
gradual after this time similar to trends  found in clinical
1. 5000
=  4500
Block C em ent W edge C em en t Block M etal
Augment
W edge  Metal
11 5 ° ROM □ 15°R O I2 □ 3 0 “ ROI1 o 3 0 ° R O I2
Fig. 3: Final modulus values for different augment types (without stem extensions) 
after 500 days.
Fig. 1: 2D proximai tibia (distal area removed for clarity) of 15° defect models with 
(from top left clockwise) metai block, cement block, cement wedge and metal 
wedge augments and regions of interest (ROIs) examined.
3. Remodelling Algorithm
The algorithm implemented in the remodelling analysis was based on 
a uniform average principal strain criterion initially proposed by 
Cowin and Hegedus [1976] to locate areas of proximal bone prone to 
resorption due to stress-shielding and thus regions of possible 
loosening and migration. The simulation is run over appropriate time 
periods (e.g. 500 days) and the new modulus is updated at the end of 
each time increment (i.e. 1 day).
Block C em en t W ed g e  C em en t
I 15 "ROM □  1 5 -R O I2  □  3 0 °  ROM □  3 0 °R O I2
Fig. 4: Final modulus values for different augment types (with stem extensions) 
after 500 days.
m :  75»)
*3.58*0:
*3.1(7(01
*2.750t-0)
Fig. 2; Graph that governs rate of change of moduius depending on vaiue of 
average principal strain.
Fig. 5: Bone Modulus field variable values after 500 days for block cement, wedge 
cement, block metal and wedge metal augment models (from left to right).
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INTRODUCTION: The use of conical
augments in revision total knee replacement 
(TKR) is a new approach to treating severe 
type-2 proximal tibial defects. Early clinical 
results are favourable for these devices with no 
loosening or migration reported after 3 years
[1]. Stem extensions are often used in 
conjunction with such augments as they are 
believed to improve stability and reduce the 
possibility of failure by offloading stresses 
from proximal regions to more distal regions
[2]. Two finite element (FE) TKR models were 
created for this study. The first had a contained 
type-2 defect treated with a small conical 
augment without a stem extension. The second 
was created with a stem extension. The aim of 
this study was to investigate whether the use of 
a stem extension with a small conical augment 
is an over-conservative approach.
METHODS: The geometry of the tibia model 
was obtained from the International Society of 
Biomechanics Finite Element Repository as in 
a previous study [3] and modified to 
incorporate the TKR and conical components 
as shown in Figure 1.
Bearing
^  "  Tray Stem 
I ! Top Cement 
Conical Cement
Medial
Conical Augment
Cancellous Bone 
Cortical Bone
Lateral
Fig. 1: FE TKR model (top half only shown) 
assembly and conical augment.
Analysis was carried out using ABAQUS v6.9. 
A pressure loading representing three times 
body weight of a 75 kg person was applied to 
selected areas of the medial and lateral
condyles while the base of the model was fixed 
in all directions.
RESULTS: Figure 2 shows that the inclusion 
of a stem extension does not have any effect on 
the immediate proximal bone stresses below the 
tibial tray. However moving distally it is found 
that the stem extension reduces the bone 
stresses particularly in regions close to the 
augment/bone junction. Stress concentrations at 
these junctions are significantly reduced with 
the inclusion of a stem extension which may 
reduce the likelihood of failure at these regions.
v4
Fig. 2: Bone von Mises stress profile fo r  the 
TKR conical augment model (A) with and (B) 
without a stem extension.
DISCUSSION & CONCLUSIONS: Stress 
concentrations close to the augment/bone 
junction are likely to occur in TKR conical 
augment surgery due to the geometry of the 
conical augment. The use of a stem extension 
may always be necessary when a conical 
augment is used to treat proximal defects to 
increase the longevity of the implant. The 
investigation will extend to larger conical 
augments in future work.
REFERENCES: ’ Meneghini et al., J Bone 
Joint Surg Am. 2008 90:78-84.  ^ Mabry et al., J 
Arthroplasty, 2007, 22:56-60.^ Frehill et al., P I 
Mech Eng H, 2010, 224:77-85.
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. Introduction
The use of conical augments in revision total knee 
eplacement (TKR) is a new approach to treating severe 
ype2 and type-3 proximal tibiai defects. Early clinical 
esults for these devices are favourable with no loosening 
înd migration reported after 3 years [1]. Stem extensions 
are often used in conjunction with these augments as 
hey are believed to improve stability and reduce the 
)ossibility of failure by offloading stresses from proximal 
egions to more distal regions [2].
Two 3D finite element (FE) devices were created for this 
;tudy. The first had a contained defect treated with a 
imall conical augment and standard stem. The second 
ilso contained a conical augment but with a press-fit 
item extension. The aim of this study was to investigate 
whether the use of a stem extension with a small conical 
iugment is an over-conservative approach.
I .  Methods
he geometry of the tibia model was obtained from the 
iternational Society of Biomechanics FE Repository as in 
previous study [2] and modified to incorporate the TKR 
id conical components as shown in Fig. 1.
Bearing
Tray Stem  
' ' Top Cement
Conical Cement
Conical Augment
Cancellous Bone
Medial
Cortical Bone
Lateral
Fig. 1: FE TKR model (proximal half only) assembly and conical augment
3. Results
Fig. 2 shows that the inclusion of a press-fit stem 
extension does not have any effect on the immediate 
proximal bone stresses below the tibiai tray. However 
moving distally it is found that the stem extension reduces 
the proximal bone stresses particularly in regions close to 
the augment/bone junction. Stress concentrations at 
these junctions are significantly reduced with the 
inclusion of a stem extension which may reduce the 
likelihood of failure at these regions
S, Mises 
(Avg: 75%) 
r -  +4.272e+0l 
+6.321#-01 
+5.800C-01 
+S.279e-01 
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43.715e-01 
+3.1946-01 
+2,673e-01 
+2.1526-01 
+1.631e-01 
+ 1.1106-01 
+5.8876-02 
+6.760e-03
Fig. 2: Cortical and cancellous von Mises stress profiles for the TKR (left) with 
standard stem and (right) press-fit stem extension
4. Discussion and Conclusions
Stress concentrations close to the augment/bone junction 
are likely to occur in TKR conical augment surgery due to 
the geometry of the conical augment. The use of a stem 
extension may always be necessary when a conical 
augment is used to treat proximal defects to increase the 
longevity of the implant. The investigation will extend to 
larger conical augments in future work
5. References
 ^Meneghini et al., J Bone Joint Surg Am. 2008 90:78-84.  ^
Mabry et al., J Arthroplasty, 2007, 22:56-60.  ^ Frehill et al., 
P I Mech Eng H, 2010, 224:77-85.
\nalysis was carried out using Abaqus v6.9. A pressure 
ceding representing three times body weight of a 75 kg 
ireson was applied to selected areas of the medial and 
ateral condyles while the base of the model was fixed in all 
lirections.
STABILITY OF AUGMENTED TOTAL KNEE REPLACEMENT
Y. Agai~wal\ A D .Crocom be\ B .Frehill', N.Bradley^
 ^University o f  Surrey, Guildford, UK. ~ Royal Surrey County Hospital, Guildford, UK
INTRODUCTION: An effective approach and 
an understanding of proximal tibiai defects are 
very important for the survival of the tibiai 
prosthesis after total knee arthroplasty. A Type- 
II defect of 10 mm depth was considered for 
this study. The defect was treated with four 
different combinations using block and wedge 
augments constructed from metal or cement. 
These were compared with a non-augmented 
Total Knee Replacement (TKR) model. The 
aim of this finite element (FE) study was to 
examine the effect of different augmentation 
options on bone with respect to clinical studies, 
which show that when cement is used to fill 
tibiai defects there tends to be a higher failure 
rate. [1-2]
MATERIALS AND METHODS: The 3D
models for the FE study were constructed from 
a set of CT-scan dataset using image processing 
software SIMPLEWARE v3.2. The FE analysis 
was performed with ABAQUS v8.1. The 
material properties described in a previous 2D 
study [2] were used, and Figure 1 shows the 
various components in the Metal Block 
Augmented (MBA) TKR model. The materials 
were assumed to be homogenous, isotropic and 
linear elastic. The model was fixed at the 
bottom of the cortical shell in all directions. A 
pressure load of 17.4 MPa was applied on both 
the medial and lateral condylar surfaces to give 
an axial load of about 3600N which is 
approximately four times body weight of 90kg 
person. [3-4].
Imptantwith
Auqmem
Cement 
Cortical Bone 
Cancellous Bone
HoBow Section 
Inside the Implant
Fig. 1: TKR-MB A model shows various parts o f  
the assembly using a section cut.
RESULTS: Figure 2 shows the von Mises 
stresses in the TKR and the two block 
augmented models. On the augmented side the 
cancellous bone experiences a high stress
around the periphery in the augmented models. 
Also on this side the overall level of stress 
seems to be higher in the Cement Block 
Augmented (CBA) TKR model followed by 
MBA-TKR model and finally the non- 
augmented TKR model. The trend on the non- 
augmented side is different with the augmented 
models tending to produce larger zones of 
lower stress (increased stress shielding) and 
also having slightly lower stresses around the 
periphery. Similar trends were identified with 
the wedge augmented model.
5 , M iS fi
(A vg: 7 S M )
1 .7 0 0
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0 .5 0 0
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0.000
(b) (c)
Fig. 2: Contour plot o f the von-Mises stresses 
in the cancellous bone o f a) TKR b) TKR-MBA 
and c) TKR-CBA.
DISCUSSION & CONCLUSIONS: The
cancellous bone shows higher and more 
widespread stress near the bone cement 
interface on the augmented side in the CBA 
compared to the TKR and MBA models. A 
similar pattern was found with the Cement 
(CWA) and Metal (MWA) wedge augmented 
models. Whilst it could be argued that this 
higher stress in the cement augments might 
promote bone growth it would seem from 
clinical observations that the stresses may be 
too high. Taking the TKR model as a reference 
it can be concluded that both fomrs of 
augmentation produce conditions that could be 
less favourable for implant stability.
REFERENCES: ' Cowin and Hegedus, J 
Elasticity, 6:313-326, 1976. “ Frehill et al P I 
MECH ENG H, 224:77-85, 2010. ^Zedro et al, 
J. Arthroplasty, 16:367-375, 2001. Villa et 
al, J. Biomechanics, 37(l):45-53, 2004.
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• Augments transfer load to cortical region more rapidly.
• Cancellous bone stresses are generally lower witfi augmentation.
• Cement stresses under augment more favourable for wedge due to 
reversed shearing.
• Cement augments provide a more favourable cancellous bone 
stress regime BUT are operating much nearer their fatigue 
endurance limit than metal augments
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FE Study of Total Knee Replacement: Metal or Cement Augments?
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Introduction
In complex primary and revision total knee replacement (TKR) the operating surgeon may encounter 
proximal tibiai bone defects. The correct management of such defects is fundamental to both the initial 
stability and long-term survival of the prosthesis. Cement or metal augments have been used to address 
some such type 11 unconstrained defects [1].
Aim
The aim of this finite element (FE) study was to analyse the comparative behaviour of cement and 
metal based augments and quantify the stresses within these different augments and underlying 
cancellous bone.
Materials and methods:
A three-dimensional FE model was constructed from a computer tomography (CT) scan of the 
proximal tibia using SIMPLEWARE v3.2 image processing software. The tibiai component of a TKR 
was implanted, as illustrated in figure 1, with either a block or wedge-shaped augment made of either 
metal or cement. The model was axially loaded with a force of 3600N and testing was conducted with 
both evenly and eccentrically distributed loads.
Bearing 
Implantwith Augm ent
Block W edge
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Figure 1: Schematic sectioned diagram of 3D models with a) block-shaped augment and b) wedge-shaped
augment.
Results: Upon loading the FE model, the von-Mises stresses in the cancellous bone underneath the 
augments were found to be higher with cement based augments in comparison their metal based 
counterparts. This was evident with both block and wedge-shaped augments as illustrated \n figure 2.
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Figure 2: Contour plot showing von-Mises stresses in the cancellous bone in augmented models.
Stresses in MPa
The FE model demonstrated that compressive stresses within the metal based augments were greater 
than those within the cement based augments. This was evident with both block and wedge designs as 
illustrated in figure 3.
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FigureS: Compressive stresses in the augments. Stresses in MPa.
Upon even loading the maximum recorded compressive stresses within the metal augments were 5 
times less than the endurance limit of the material [3]. However, the maximum recorded compressive
stresses within cement augments were only half the endurance limit of the material [4] and upon 
eccentric loading compressive stresses in excess of the endurance limit were recorded.
Discussion: The FE model has demonstrated that cement based augments undergo a greater 
deformation when loaded and therefore transfer greater loads to the underlying cancellous bone. This is 
a result of the inherent flexibility of the cement based augment in comparison to the stiffer metal 
counterparts. The greater transference of load to cancellous bone with cement based augments may 
reduce the possibility of stress shielding. However, the compressive stresses within cement based 
augments are too close to the endurance limit of the material and with uneven loading even exceed it. 
This would imply that cement based augments are more prone to fatigue failure than their metal 
counterparts.
Conclusion: This FE study supports the use of metal based augments over cement based augments in 
augmented and revision TKR surgery.
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Introduction
In complex primary and revision total knee replacement (TKR) ttie operating surgeon may encounter proximal tibiai bone defects. 
The correct management of such defects is fundamental to both the initial stability and long-term survival of the prosthesis. 
Cement or metal augments have been used to address some such type II unconstrained defects [1].
Aim
The aim of this finite element (FE) study was to analyse the comparative behaviour of cement and metal based augments and 
quantify the stresses within these different augments and underlying cancellous bone. Courtesy : DePuy Orthopaedics , Inc.
Materials and methods
A three-dimensional FE model was constructed from a computer tomography (CT) 
scan of the proximal tibia using SIMPLEWARE v3.2 image processing software. The 
tibiai component of a TKR was implanted, as demonstrated in figure 1, with either a 
block or wedge-shaped metal augment made either of metal or cement. The model 
was axially loaded with a force of 3600N, equating to four times the body weight of a 
90kg patient. The testing was conducted with both evenly and eccentrically 
distributed loads between the medial and lateral tibiai plateaux. The material 
properties are defined in previous study [2].
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Figure 1 : Schematic sectioned diagram of 3D models with a) block-shaped augment and 
b) wedge-shaped augment
Results
Upon loading of the FE model, the von-Mises stresses in the cancellous bone 
underneath the augments were found to be higher with cement based augments in 
comparison their metal based counterparts. This was evident with both block and 
wedge-shaped augments as illustrated in figure 2.
Figure 2: Contour plot showing von-Mises stresses in the cancellous bone in augmented models. 
Stresses in MPa.
he FE model demonstrated that compressive stresses within the metal based 
lugments were greater than those within the cement based augments. This was 
vident with both block and wedge designs as illustrated in figure 3.
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Figure 3: Compressive stresses in the augments. Stresses in MPa.
Upon even loading the maximum recorded compressive stresses within the metal 
augments were 5 times less than the endurance limit of the material [3]. However, 
the maximum recorded compressive stresses within cement augments were only half 
the endurance limit of the material [4] and upon eccentric loading compressive 
stresses in excess of the endurance limit were recorded.
Discussion
The FE model has demonstrated that cement based augments undergo a 
greater deformation when loaded and therefore transfer greater loads to the 
underlying cancellous bone. This is a result of the inherent flexibility of the 
cement based augment in comparison to the stiffer metal counterparts. The 
greater transference of load to cancellous bone with cement based augments 
may reduce the possibility of stress shielding. However, the compressive 
stresses within cement based augments are too close to the endurance limit 
of the material and with uneven loading even exceed it. This would imply that 
cement based augments are more prone to fatigue failure than their metal 
counterparts.
Conclusion
This FE study supports the use of metal based augments over cement based 
augments in augmented and revision TKR surgery.
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‘Reverse Shear’ Stresses in Augmented Total Knee Replacement
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Introduction: In complex primary and revision total knee replacement (TKR) the operating surgeon 
may encounter proximal tibiai bone defects. The correct management of such defects is fundamental to 
both the initial stability and long-term survival of the prosthesis. Block or wedge-shaped metal 
augments are used to address some such type II unconstrained defects'.
Aim: The aim of this finite element (FE) study was to assess the effects of block and wedge-shaped 
metal augments upon the shear stresses in the cement mantle at the bone-implant interface of an 
augmented TKR.
Materials and methods: A three-dimensional FE model was constructed from a computer tomography 
(CT) scan of the proximal tibia using SIMPLEWARE v3.2 image processing software. The tibiai 
component of a TKR was implanted, as demonstrated in figure 1, with either a block or wedge-shaped 
metal augment in-situ. The model was axially loaded with a force of 3600N, equating to four times the 
body weight of a 90kg patient, and the load evenly distributed between the medial and lateral tibiai 
plateaus.
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Figure 1: Schematic diagram of models with a) block-shaped augment and b) wedge-shaped augment.
Results: Upon loading of the FE model, shear stresses in the cement mantle at the bone-implant 
interface under the augment were found to act towards the centre of the prosthesis. The maximal 
magnitudes of these ‘reverse’ shear stresses, as demonstrated in figure 2, were 3.6MPa with a block­
shaped augment and 2.6MPa with a wedge-shaped augment. These values are significantly lower than 
the reported fatigue limit of cement of I7MPa^.
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Figure 2: Shear stresses at a) Implant-bone interface with rectangular-shaped augment 
b) Implant-bone interface with wedge-shaped augment.
-ve = Shear Stresses towards the centre of the prosthesis.
+ve = Shear Stresses away from the centre of the prosthesis.
Discussion: Initially it might appear surprising that the cement shear stresses with the wedge augment 
are lower than those with the block augment. However, the FE modelling has shown that in both cases 
the implant and cement act to prevent the cortical and cancellous bone from expanding thus inducing a
shear stress on the bone acting towards the centre of the prosthesis. The angled loading induced by a
wedge-shaped augment creates shear stress acting away from the centre of the prosthesis thus reducing 
the overall cement shear stress in the wedge-augmented model.
Conclusion: The FE model has demonstrated reduced cement shear stresses with a wedge-shaped 
rather than block-shaped augment. However, both values of maximal recorded shear stresses are below 
the fatigue limit of cement^. Therefore, either wedge or block-shaped augments can be used depending 
upon the shape of the defect.
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Introduction
In complex primary and revision total knee replacement (TKR) the operating surgeon may encounter proximal tibial bone defects. 
The correct management of such defects is fundamental to both the initial stability and long-term survival of the prosthesis. Block 
or wedge-shaped metal augments are used to address some such type II unconstrained defects[1].
Aim
The aim of this finite element (FE) study was to assess the effects of block and wedge-shaped metal augments upon the shear 
stresses in the cement mantle at the bone-implant interface of an augmented TKR. Courtesy : DePuy Orthopaedics , Inc.
Materials and methods
A three-dimensional FE model was constructed from a computer tomography 
(CT) scan of the proximal tibia using SIMPLEWARE v3.2 image processing 
software. The tibial component of a TKR was implanted, as demonstrated in 
figure 1, with either a block or wedge-shaped metal augment in-situ. The model 
was axially loaded with a force of 3600N, equating to four times the body weight 
of a 90kg patient, and the load evenly distributed between the medial and lateral 
tibial plateaux. The material properties are defined in previous study [2].
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Figure 1 ; Schematic diagram of models with a) block-shaped b) wedge-shaped augment
Results
Upon loading of the FE model, shear stresses in the cement-augment interface 
were found to act towards the centre of the prosthesis. The maximal magnitudes 
of these ‘reverse’ shear stresses, as demonstrated in figure 2, were 3.6MPa with 
a block-shaped augment and 2.6MPa with a wedge-shaped augment. These 
values are significantly lower than the reported fatigue limit of cement of 
17MPa[3].
Figure 2: Shear stresses at a) Cement-augment Interface with block-shaped augment 
b) Cement-augment interface with wedge-shaped augment.
Negative Value (Blue/Black) = Shear stress towards the centre of the prosthesis.
Positive Value (Red) = Shear stress away from the centre of the prosthesis.
Discussion
Initially It might appear surprising that the cement shear stresses with the 
wedge-shaped augment are lower than those with the block-shaped augment. 
However, the FE modelling has shown that in both cases the implant and 
cement act to prevent the cortical and cancellous bone from expanding when 
loaded vertically thus inducing a shear stress at the cement-augment interface 
acting towards the centre of the prosthesis. The angled loading induced by a 
wedge-shaped augment creates shear stress acting away from the centre of 
the prosthesis thus reducing the overall cement shear stress in the wedge 
augmented model, as illustrated in figure 3.
Shear in Block Augmented Model Shear in W edge Augmented Model
Figure 3; a) Loading of block by force F leads to expansion of bone.
b) Cement shear stress (Tg) as block resists expansion.
c) Loading of wedge by force F leads to expansion of bone.
d) Angled loading of bone creates shear force (Fsln0) to reduce overall shear 
stress (Tw).
Conclusion
The FE model has demonstrated reduced cement shear stresses with a 
wedge-shaped rather than block-shaped augment. However, both values of 
maximal recorded shear stresses are below the fatigue limit of cement^. 
Therefore, either a wedge or block-shaped augments can be used and the 
choice of augment may be determined by the shape of the defect and the 
quality of the underlying bone.
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A bstract: T reatm ent of proxim al tibial defects is im portan t to the survival of tibial prosthesis 
after total knee replacem ent. The objective of this finite elem ent study  was to determ ine a 
be tte r understand ing  of the stresses produced  by different trea tm en t options for m oderate  
uncon ta ined  type-2 defects. M ethods analysed were the use of m etal wedges, m etal blocks, 
cem ent wedges, and  cem ent blocks for the two defect angles 15° and  30°. The effect of a stem  
extension on  the stress profiles was also analysed for each defect trea tm en t and  angle to 
establish the  necessity of these extensions and  consequen t bone rem oval on  the  stability of the 
augm ents. Equivalent stresses in  two regions of in terest (ROIs) adjacent to  the  augm ents and  
shear stresses along the b o n e-cem en t interface of the defect were investigated. The lowest 
equivalent stresses were found in the m etal block augm ent for bo th  defect angles and  ROIs. The 
highest equivalent stress in  the ROIs and  shear stress values along the b o n e-cem en t interface of 
the  defect w ere found in  the cem ent wedge augm ent m odel for b o th  defect angles. Stem  
extensions were show n to increase equivalent stresses in  the bone closer to the  tibial stem  b u t 
to decrease equivalent stresses closer to the cortical bone. The use of a  stem  extension 
significantly increased the shear stresses in  the cem ent in all cases except in  the  m etal block 
m odel. It is recom m ended th a t m etal block augm ents are used  w ithout a stem  extension in 
sm all-defect (i.e. peripheral defect angle of 15°) total knee rep lacem ent procedures.
Keywords: total knee replacem ent, augm ent, stem  extension, initial stability
I INTRODUCTION
Tibial defects in  the  proxim al tibia are a com m on 
occurrence in  patien ts undergoing prim ary and  
revision total knee rep lacem ent (TKR). Tibial defects 
can be central or peripheral b u t are m ore com m only 
classified according to the A nderson O rthopedic 
Research Institu te  (AORl) [1]. In  order to m ain tain  
tibial com ponen t fixation it is im portan t to take 
corrective m easures to ensure a stable platform  for 
the im plan ted  prosthesis. M ethods to deal w ith 
m oderate uncon ta ined  AORl type-2 (i.e. defects up  
to 2 cm  in  dep th  and  m inor dam age to m etaphysis) 
tibial defects include the use of bone cem ent to fill 
the defect, resection of the proxim al tib ia to the level 
o f the defect, the use o f a bone autograft or aUograft
* Corresponding author: Department o f Mechanical, Medical, 
and Aerospace Engineering, University o f Surrey, Guildford GU2 
7XH, UK.
email: b.frehill@surrey.ac.uk
to fill the  defect, the  use of m etallic wedge, block, 
and  conical augm ents, and  the use o f a custom  
prosthesis. The size and  d ep th  of the  tibial defect are 
the m ain  factors for the  surgeon to consider w hen 
choosing the  m ost appropriate  m eth o d  [2]. Resec­
tion  of bone to the level of the defect is confined to 
the trea tm en t of shallow defects. C ancellous bone 
becom es relatively w eaker as the level of resection 
dep th  increases, thus placing the tibial com ponen t 
on  weak cancellous bone [3]. The use of a  bone 
autograft or allograft results in an  increased  surgery 
time, thus increasing the risk of infection, the 
possibility of non-union , and  co llapse-resorp tion  of 
the graft. The use of an  allograft also poses a risk of 
disease transm ission [4].
F racture o r loosening o f the cem en t au g m en t in  
cases w here type-2 defects are filled by  cem en t alone 
m ay occur w ith resulting d isp lacem ent an d  loosen ­
ing, com prom ising th e  stability of the  tibial tray. The 
use of m etal wedge augm ents has b een  show n to 
reduce the  deflection o f the tray  w hen  com pared
JEIM673 Proc. IMechE Vol. 224 Part H: J. Engineering in Medicine
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with the use of cernent wedges [5] and  has a lower 
failure rate in in-vitro  studies [6] and  clinical trials 
[7]. However, the use of w edge-shaped augm ents 
m ay lead to stress concentrations in the cancellous 
bone at the inner m argin of the tray and  augm ent 
and an increase in shear forces acting on  the defect 
area owing to its tapered nature. The use of block 
augm entation  (i.e. a stepped resection filled w ith 
cem ent or a m etal block) m ay elim inate these 
com plications bu t would result in resection of 
valuable bone stock. Previous in-vitro  studies [8] 
have show n no significant difference in  stiffness 
values w hen stepped  shaped defects were filled with 
a m etal com pared w ith a cem ent augm ent. Metal 
conical augm ents are a new  trea tm en t option for 
m ore severe type-2 defects w hich provide extended 
m echanical support for tibial TKR com ponents [9]. 
Short-term  clinical studies for conical augm ents 
have shown strong potential for the use of these 
devices w ith effective support for tibial prosthetic 
com ponents reported  in cases of trea tm ent of m ore 
severe type-2 defects [10]. However, no long-term  
results are currently available.
The use of stem  extensions in conjunction with 
augm ents in revision surgery is the usual approach 
in dealing w ith proxim al tibial defects. This ap ­
proach m ay be considered over-conservative and 
m ay also result in large difficulties because of 
in ternal bone dam age should further revision be 
necessary. The function of stem  extensions is usually 
to prevent rocking and  to bypass bone defects or 
offload stresses from  the proxim al region to the 
distal region, thus reducing the possibility of loosen­
ing in the weaker proxim al cancellous bone [9]. The 
use of augm ents (wedge and  block) to treat tibial 
defects m ay elim inate the need  for stem  extensions 
and thus preserve native distal bone.
The objective of this study was to determ ine 
w hether the different augm entation procedures have 
a significant effect on  stress patterns in  the proxim al 
tibia and to predict the likelihood of failure due to 
stress concentrations using tw o-dim ensional (2D) 
finite elem ent (FE) modelling. Highly stressed 
regions and regions of low bone stress levels (related 
to bone loss) can indicate regions of possible failure. 
This is a precursor to a m ore extensive three- 
dim ensional (3D) study w hich can explore possible 
aspects identified in  this 2D study in greater detail. 
Type-2 defect angles of 15° and  30° were exam ined 
and  treated w ith wedge (metal and cement) aug­
m ents, w ith block (metal and cem ent) augm ents of 
bo th  sizes, and w ith appropriate depth  and bone 
resection. These m odels were then  extended with a
stem  extension of 30 m m  to exam ine w hether these 
have any effect on resu ltan t stresses. Equivalent 
stresses in the bone and  shear stresses in the cem ent 
can be correlated w ith failure of the TKR to verify the 
influence of these augm entation  techniques.
2 MATERIALS AND METHODS
Tw o-dim ensional static FE m odels were created of a 
TKR proxim al tibia w ith type-2 defects in the sagittal 
plane. Peripheral defect angles of 15° and  30° were 
considered while four m ethods of treating these 
defects were also exam ined. The four m ethods 
involved filling the defect w ith a cem ent wedge, a 
cem ent block, a titan ium  m etal wedge, and  a 
titan ium  m etal block (Figs 1 and  2). Extra bone 
resection was necessary w ith the use of block 
augm ents. Tibial geom etry was obtained  through
Beamg
“ iblal Tray
T *ia l
Stem
Cortical
B on e
Cancellous
Fig. 1 2D proximal tibia (distal area removed for 
clarity) of 15° defect models with (from top left 
clockwise) metal block, cement block, cement 
wedge, and metal wedge augments
ROM R0I2
Fig. 2 2D proximal tibia (distal area removed for 
clarity) showing 30° defect models with (from 
top left clockwise) metal block, cement block, 
cement wedge, and metal wedge augm ents 
with the ROIs investigated
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the In ternational Society of Biom echanics Finite 
E lem ent Repository m anaged  by the Istituti Ortope- 
dici Rizzoli, Bologna, Italy [11]. Stem extensions of 
30 m m  were also em ployed w ith all m odels to 
examine the effect of these on stress patterns. A 
bone cem ent layer 1 m m  thick was used to affix all 
com ponents. The m odels contained  both  cortical 
and cancellous bone regions. The cortical bone was 
m odelled as a layer 2 m m  thick on  the lateral and 
m edial sides of the bone.
Plane strain  FE analysis was perform ed using 
ABAQUS 6.7 (Simulia, W arrington, UK) w ith a 
thickness of 27 m m  assigned to the elem ents for 
out-of-plane stiffness contribu tion  to the model. 
This value was chosen as an  average thickness value 
of the bone and  prosthesis elem ents. E ight-noded 
quadrilateral reduced  integration elem ents were 
used in  all m odels. Table 1 shows the m aterial
Table I Material properties used in the TKR model
M aterial E (GPa) V
PMMA (cement) 2.15 0.46
TÎ-4A1-6V (tibial com ponent) 110 0.36
Cortical bone 17 0.3
Cancellous bone 0.7 0.3
U ltra-high m olecular w eight polyethylene 
(bearing)
2.3 0.25
properties for the different m aterials used in the 
m odels [12, 13]. No relative m otion betw een the 
various interfaces was perm itted  and  all com ponents 
were assum ed to be isotropic, hom ogenous, and 
linearly elastic. A convergence study was undertaken  
to ensure a sufficient num ber of elem ents were used 
in  the m odels. The final m esh used  for cases w ith 
and  w ithout stem  extensions can be seen in Fig. 3. 
The distal end of the tibia was constrained in all 
directions. A jo in t reaction force (JRF) of 2058 N 
(three tim es the body w eight of a 70 kg person) was 
applied w ith an  even distribution to bo th  tibial 
bearing condyles. The JRF and  loading distribution 
were considered appropriate for this analysis as 
research has show n the m axim um  load to be 
approxim ately three tim es body w eight during level 
walking [14] and equivalent geom etries of the tibial 
condyles were assum ed. Two m ain  regions of 
in terest (ROIs) w ithin the cancellous bone were 
identified (see Fig. 2) at w hich equivalent stresses 
were considered in detail. ROIs consisted  of a 2 x 2  
block of elem ents and  were chosen as regions w hich 
are prone to early failure in TKR. Shear stresses in  
the cem ent along the m argin of the defect (i.e. the 
cem en t-bone  interface) were p lo tted  to investigate 
w hether these w ould lead to early failure. Stress 
values were also exam ined for all m odels w ith 30 m m
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Fig. 3 Equivalent stress profiles of the 15° TKR metal block augment model (a) without and (b) 
with stem extension
JE1M673 Proc. IMechE Vol. 224 Part H: J. Engineering in Medicine
80 B Frehill, A Crocombe, S Cirovic, Y Agarwal, and N Bradley
Stem extensions to assess the effect of the inclusion 
of a stem on the stress distribution.
3 RESULTS
Figure 3 shows an overall equivalent stress profile of 
the 15° m etal block augm ent m odel and  its corres­
ponding stem  extension model. It can be seen that 
the stem  transm its m ore load distally and  hence the 
stem  stresses are higher in the stem  extension model. 
Consequently, the overall proxim al cancellous 
stresses are lower. However, owing to the increased 
rigidity of the im plant in the stem  extension m odel 
(afforded by the closer proxim ity of the distal part of 
the stem  to the cortical bone) the im plant tray is also 
m ore highly stressed in  com parison w ith the m odel 
w ithout a stem  extension (Fig. 4). Thus the cancel­
lous bone adjacent to the tray and  stem  (i.e. ROH) is 
likely to experience higher equivalent stress levels in 
the stem  extension model. The value of the central 
tibial tray displacem ent in the axial direction (i.e. 
vertical) was found to be significantly higher in all 
m odels w ithout a stem  (e.g. 0.09 m m  for the block 
augm ent 15° defect model) com pared w ith those 
with a stem  (e.g. 0.06 mm). Again this is due to the 
increased rigidity afforded by the closer proxim ity of 
the distal stem  to the cortical bone.
Equivalent stress values were found to be signifi­
cantly higher (p< 0 .05) in the ROH in the m odel 
w ith no stem  extension w here the cem ent wedge 
(0.34 + 0.06 MPa) was used to fill the defect w hen 
com pared w ith the cem ent block (0.23 ±  0.05 MPa), 
m etal wedge (0.23 ±  0.06 MPa), and  m etal block 
(0.11 +  0.04 MPa) com ponents. These results are 
shown graphically in Eig 5. W hen a 30 m m  stem  
extension was em ployed, equivalent stresses were 
found to be significantly h igher th an  w ithout a stem  
in all cases; the m etal block (0.27 ±  0.09 MPa), the 
cem ent block (0.46 +  0.07MPa), the cem ent wedge 
(0.52 ±  0.09 MPa), and  the m etal wedge (0.45 ±  
0.1 MPa) models. The ordering of the m odels accord­
ing to the stress value was the sam e as w ith no 
extensions, i.e. the cem ent wedge followed by 
cem ent block and  m etal wedge and  finally the m etal 
block.
In R0I2, similar trends w ere found  w ith the 
highest stresses found in  the cem ent wedge (0.89 ±  
0.03 MPa) In this region the stresses w ith the cem ent 
block (0.89 +  0.03 MPa) were sim ilarly high com ­
pared  w ith the m etal block (0.74 ±  0.03 MPa) and  
m etal wedge (0.74 + 0.05 MPa) augm ent m odels 
respectively. However, in contrast w ith ROH, sig­
nificantly lower stresses w ere found in R012 w hen a 
30 m m  stem  extension was em ployed in all cases. 
Result values are shown graphically in Fig. 6.
3.1 Equivalent stress in  the cancellous bone ROIs
3.1.1 15° defect
The results are presented  as m ean  equivalent 
stress -f standard  error of the m ean  at the ROIs.
3.1.2 30° defect
For the 30° defect the equivalent stress values in 
ROH and  R012 followed broadly sim ilar trends to 
those found with the 15° defect. The stresses were
(Avg: 75%)
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Fig. 4 Deformed stress profiles in the x direction of the 15° TKR tibial tray, stem, and metal 
block augment model (a) without and (b) with stem extension
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Fig. 6 Equivalent stress values (mean ±  standard deviation) of different augm ent procedures for 
15° and 30° defects for R0I2
significantly lov\^er for the m etal block (0.12 ±  
0.03 MPa), followed by the cem ent block (0.13 +  
0.03 MPa), m etal wedge (0.16 +  0.05 MPa), and  ce­
m en t wedge (0.32 ±  0.06 MPa) models. Again, w hen
a 30 m m  stem  extension was in troduced  the stress 
values were significantly increased in all m odels.
In  R0I2, equivalent stresses w ere again h ighest in  
the  case of the cem ent wedge (1.34 +  0.17 MPa)
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followed by the m etal wedge (1.19 ±  0.3 MPa), the 
cem ent block (1.09 ±  0.04 MPa), and  the m etal block 
(1.01 ±  0.08MPa). Significantly lower equivalent 
stresses were again found in all m odels w hen a stem  
extension of 30 m m  was em ployed.
3.2 Shear stress analysis
3.2.1 15° defect
The results are presented  as a plot of the shear 
stresses along the m argin of the defect 6 m m  from  
the cortical end to the tihial stem . Shear stress values 
were found to he significantly lower along the 
m argin of the defect for the m etal block than  for 
the cem ent block. Similarly, for the w edge-shaped 
augm ents, stress values were significantly lower for 
the m etal wedge than  for the cem ent wedge. Overall 
no significant difference was recorded betw een the 
m etal wedge and  m etal block com ponents. The 
results are shown graphically in Fig. 7. Shear stress 
values were significantly increased in all m odels 
w hen a 30 m m  stem  extension was em ployed except 
for the m etal block com ponen t m odel w here results 
were significantly similar.
3.2.2 30° defect
Shear stresses values were again significantly higher 
for the cem ent wedge than  for the o ther m odels 
w ithout a stem  extension. No significant difference 
was recorded for shear stress values betw een the
m etal wedge, m etal block, and  cem ent block com ­
p o n en t m odels. W hen a 30 m m  stem  extension was 
introduced, the shear stress values were significantly 
increased in  all cases except for the m etal block 
com ponen t m odel w here values were significantly 
similar. Results are show n graphically in Fig. 8.
4 DISCUSSION
The objective of this study was to determ ine w hether 
the incidence of early failure of TKR com ponents 
w ith m oderate uncon tained  type-2 defects can he 
reduced  through the use of m etal com ponents 
instead  of the use of cem ent alone. O ther objectives 
include w hether a m etal block com ponen t is m ore 
stable than  a m etal wedge construct, consequently  
reducing the need to use a stem  extension. The 
quantity  of bone resection is an  im portan t aspect of 
any jo in t replacem ent surgery. Thus the m ain  
disadvantage of the use of a block augm ent is the 
loss of proxim al bone b u t this m ay be alleviated by 
im proved stability and  reduced  stress co n cen tra­
tions. Previous in-vitro  studies [7] have ind icated  
th a t the use of m etal wedge constructs to treat 20° 
defects can increase the stifftiess recorded w hen 
com pared w ith cem ent wedges and  thus im prove 
the rigidity of the system. However, the increases in 
stiffness values were slight (i.e. no t statistically signi­
ficant) and thus this m ay be due to the increased 
rigidity afforded by the m aterial properties of the 
m etal com ponent. This study aim ed to use the FE
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Fig. 7 Average shear stress values of different augment procedures for 15° defect along the 
margin of the defect
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m ethod to determ ine w hether equivalent stress 
concentrations in the cancellous bone and  shear 
stresses in the cem ent along the m argin of the defect 
can predict the relative success of different augm ent 
types.
Increased equivalent stress concentrations were 
predicted in  the cancellous bone in ROll in the 
cem ent wedge and  cem ent block augm ent m odels 
w hen com pared w ith the m etal wedge and  m etal 
block augm ent m odels respectively. It is suggested 
that these increased stresses increase the possibility 
of loosening of the cem ent augm ents. In the case of 
bo th  defect angles the m etal block augm ents p ro ­
duced the lowest stress concentrations. This m atches 
clinical theories w here it is com m only believed that 
stress concentrations on the defect m argin are 
responsible for early loosening or fracture of the 
cem ent m antle [8]. The stresses with m etal augm ents 
m ay be lower than  corresponding cem ent augm ents 
because the m etal stiffens the tibial tray, reducing the 
stresses in the cancellous region below. The taper 
m ay have higher stresses than  the corresponding 
block as the block transfers the load m ore distally in 
the cancellous region. Equivalent stresses were also 
higher near to the junction  of the augm ent and the 
cortical bone (i.e. R0I2) for the cement-filled aug­
m ent m odels com pared w ith their corresponding 
m etal augm ent m odels, thus increasing the possibi­
lity of loosening at this region. Again this can be 
attributed to the greater tray stiffening afforded by the 
m etal augm ents.
Shear stresses were also higher for the use of 
cem ent wedge and  cem ent block augm ents w hen 
com pared w ith those of m etal wedge and  m etal 
block augm ents respectively for the 15° defect. Thus 
the sacrifice of native bone in order to create the 
block profile to treat defected bone m ay be neces­
sary to increase the longevity of TKR tibial rep lace­
m ents. The present au thors do n o t recom m end  the 
use of cem ent wedges or cem ent blocks to fill large 
proxim al tibial defects of 15° and  30°. They also 
favour the use of m etal block augm ents over m etal 
wedge augm ents owing to their reduced  equivalent 
stress concentrations in the cancellous ROIs. It is 
interesting th a t there is no significant difference 
betw een m etal block and  m etal wedges in  shear 
stresses along the m argin of the defect. This is in 
contrast w ith the accepted belief th a t shear stresses 
should be higher on  the angled w edge surface w hen 
com pared w ith the flat block surface. Closer inves­
tigation of the shear stresses show th a t positive shear 
in Figs 7 and 8 pull the cancellous bone inw ards (i.e. 
towards the tibial stem ). This occurs because the 
lower-m odulus cancellous bone displaces m ore in 
the m edial-lateral direction (under the influence of 
the com pressive loading) than  the ad jacent higher- 
m odulus m etal tray and  augm ent. Thus the tray and 
augm ent act to restrict the lateral expansion of the 
bone through shear stresses acting tow ards the 
centre of the tibia. These shear stresses act in the 
opposite direction to any shear stresses caused  by 
the inclination of the  tapered  augm ent to  the
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direction of loading (which will act on  the bone in a 
laterally outw ard direction, i.e. away from  the tibia 
centre-line). In  the 2D m odel the cortical shell 
cannot p roduce hoop stresses and  thus will no t 
provide the  m edial and  lateral constra in t th a t exists 
in  the real tibia. Thus this effect m ay be due to a 
lim itation of the 2D representation. However, this 
lateral expansion effect will also be p resen t (albeit to 
a lesser extent) in  the actual tibia an d  full 3D 
m odelling will enable this to be further assessed.
The use of stem  extensions was found to increase 
equivalent stress concentrations a t ROH in  all 
m odels. This stress increase is due to the  reduction 
in  the displacem ent of the extended im plant stem , as 
it is closer to the cortical shell in  the extended 
position, as show n in  Fig. 3. This increased the 
rigidity of the central im plant stem , w hich caused 
increased bending stresses in  the im plant tray  (again 
seen in  Fig. 3); this in  tu rn  produced higher stresses in 
the adjacent proxim al cancellous bone, w hich is again 
in  contrast w ith the com m only accepted belief that 
the addition of a stem  extension provides an  addi­
tional path  for load transfer, so lowering the load 
transfer and  hence cancellous bone stresses in  the 
proxim al region. In contrast, in R012 the use of a stem  
extension reduced  the cancellous bone stresses. The 
reduction in  the equivalent stress concentrations for 
the 30° defect was approxim ately double th a t of the 
15° defect. In  addition the use of a  stem  extension was 
show n to increase the cem ent shear stresses in all 
cases except the m etal block augm ent for bo th  defect 
sizes. Based on these results the p resent authors do 
no t recom m end the use of a stem  extension w ith a 
m etal block augm ent for sm aller defects b u t these 
results will need  to be verified by a 3D analysis.
There are lim itations associated w ith the FE m odel 
w hich are likely to affect the  results detailed. These 
include 2D plane strain  assum ptions, the absence of 
ligam ent and  m uscle forces, sim plified tibial geo­
m etry, idealized m aterial behaviour, and  the as­
sum ption  of quasi-static and  sym m etrical condylar 
loading. Future work will involve validating the 
above findings through extension of this FE m odel­
ling work to th a t of 3D augm ented  m odels and 
m odifying the design of the prosthesis itself to 
m inim ize the over-stressed regions.
5 CONCLUSION
The use of block augm entation  in  the trea tm en t of 
m oderate uncontained  type-2 defects in  TKR results 
in  increased bone resection com pared w ith that of 
w edge augm entation. This 2D analysis shows that
using m etal ra ther th an  cem ent augm entation  
causes a reduction  in  stress concentrations in  both  
ROIs in  the cancellous bone and  in  the cem ent shear 
stresses along the defect m argin. The use of m etal 
block augm entation  is show n to reduce further the 
stress concentrations com pared  w ith the use of 
m etal wedge augm entation. It has been  show n th a t 
the use of a stem  extension is m ore beneficial, in 
term s of stress reduction  in  the  cancellous bone 
generally (R012), in  the  case of larger defects. Thus 
the use of stem  extensions m ay n o t be necessary in 
the trea tm en t of sm aller defects w ith m etal block 
augm entation. Future w ork will involve the use of 3D 
analysis to verify results.
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